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SYNOPSIS 
Most texts on the subject of dam construction state flatly that 
under no circumstances should an earth dam be permitted to overtop, 
and that spillway capacity should be such as to ensure this is 
achieved. 
The problems of flood forecasting are outlined and a survey of 
failures and accidents caused by overtopping presented. Information 
from this survey highlights weaknesses both in safety legislation and 
in operational procedures. These are presented, together with 
recommendations relevant to the design and construction of embankment 
dams. 
The properties of clays which are relevant to the problem of 
erosion are investigated by literature survey and laboratory research 
and the results presented. The mechanism and degree of erosion are 
detailed in an attempt to quantify the amount of erosion likely to 
occur for any particular clay. 
Recommendations are made with respect to areas where more research 
would be beneficial. 
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SECTION I 
()-; APTFR (NR 
INTRODUCTION 
The increasing demand for reliable water supplies, for domestic 
and industrial use, for irrigation, and for power, has required man to 
construct reservoirs in an attempt to control and improve his society. 
The dam was probably one of the earliest structures developed by 
the human race, and it has become one of the more versatile and 
important of the structural servants of mankind. The earliest builders 
were probably the beavers whose craftmanship has long been recognised 
and envied. Their dams may leak, but they are structurally sound. Man 
found it difficult to emulate the design: 
"I built it like beavers, with sticks and 
rocks to reinforce it, with grass and 
leaves to make it tight, but it still 
broke" - the bulldozer operator turned 
contractor stared at the 6 metre wide gap 
in the 2.5 metre high dam. He repeated 
this excuse to angry residents who had been 
startled by a sudden flood, washing out 
culverts and roads, damaging property 
1, 
for half a mile down the creek. He built 
the dam tinder contract to a fishing pond, 
all he had to show for his labour was 
several acres of soft clay and some dying fish. 11 
Engineering design and supervision must be provided for structures. 
1.1 Historical Dams 
1hat is probably the first record of a reservoir is found upon a 
Babylonian tablet, dating back to about 4000 B. C. 2 Reference is made 
to the effect that Eannudu, the reigning monarch of the time, 
constructed several canals, and near to one of these he made a small 
reservoir or tank; "A basin, 3600 gur of water" (about 130 cubic 
metres). Alternatively, reference is often made to Sadd-el-Kafara, or 
"Dare of the Pagans", as being the oldest known dam, constructed some 
time between 2950 B. C. and 2750 B. C., it is situated some 32 kilometres 
south of Cairo. 3 
Sadd-el-Kafara was essentially a masonry structure, consisting of 
two rubble masonry walls, 24 metres thick, spaced 36.0 metres apart; 
the space being filled with gravel from the bed of the wadi. The 
resulting structure had a crest length of 106 metres, a maxim= height 
of 11 metres, a crest width of 61 metres, a base length of 81 metres 
and a base thickness of some 84 metres. The dam has been estimated as 
having contained 106,000 tonnes of material. The remains of the dam 
were discovered by the German archaeologist, G. Schweinfurth in 1885. 
Doubt exists as to whether the dam was built with a spillway, but it is 
certain that if a spillway was provided its capacity was inadequate. 
2 
Evidence exists to suggest that, over the catchment of 186.4 square 
kilometres, no runoff would occur unless each fall of rain exceeded 8 
millimetres. Analysis shows that, in three years out of four, it is 
likely that a rainfall of more than 10 millimetres in one day will occur; 
and that once in every four years an individual fall of more than 20 
millimetres could be expected. 
From the remains of the darn the capacity of the reservoir has been 
estimated as 56500 cubic metres, and it is clear that a rainfall of 20 
millimetres would have been just enough to fill the empty reservoir 
basin. A total fall in excess of 20 millimetres within a short period 
would certainly have overtopped the dam. This, probably the first 
historical failure, may well have deterred Egyptian engineers from 
similar undertakings for many years. 
A further early dam is believed to have been built on the River 
Nile at Kosheish in Egypt, where a 15 metre high masonry structure was 
built in about 2900 B. C.. Egypt was one of the forerunners in dam 
construction because rainfall was scanty, with high surr temperatures. 
Other dams for irrigation existed from about 1000 B. C. within central 
Asia (now part of the USSR). 
In the Far East, an earth dam 18 kilometres long and 21 metres 
high, and containing 13 x 106 cubic metres of earth, was built in 
Ceylon as early as 500 B. C., an impressive engineering feat for any 
age. Many similar dann exist today. `' 
Some dams in India are at least 1600 years old and remain in 
service. More than 20000 dams have been located in Madras state alone. 
The majority of these dams are of homogeneous construction, with 
9 
3 
trapezoidal cross-section, and although failures occur at intervals due 
to inadequate spillway capacity, many are in a good state of repair. 
The construction of dams remains a combination of science and art, 
albeit with a much increased emphasis on science as was previously the 
case. The properties of materials used in dam construction can now be 
evaluated, as can the behaviour of the completed structure. As might be 
expected, embankment dams were, and remain, the most common type of 
structure, although remains of masonry-concrete dams are said to have 
been found in the Anieni Valley, above Subiaco in Italy, where it has 
been proposed that the middle dam of three, constructed by Nero for 
recreational purposes, was a 'concrete' dam faced with masonry. 3 
1.2 Earthfill E'±anlrnents 
The development of erban1Qnent design has resulted in ever 
increasing heights and a decrease in crest width. 
Knowledge and experience have resulted in new design features such 
as internal cores, reduction in computed layer thickness, 'new' 
materials such as rockfill, and hydraulic fill dams, although the 
latter are now declining in popularity. 
Embankment dams continue to be built in the largest numbers, 
primarily because of their inherent advantages. The main advantage of 
the earth embankment is that local material may be used for construction 
and therefore not involve the high cost of importing material. This, 
unfortunately, leads to economic pressure to use local material whether 
suitable or not. Earth embankments are less demanding with respect to 
foundation requirements, important when one considers that most of the 
4 
more suitable sites for dams have been used. Embankment dams can easily 
be raised, facilitating two stage construction programmes if desired. 
Flexibility of design and construction is an additional advantage. 
Embanlonents are usually more economical to construct than other 
types of dams, primarily because the unit cost of earthfill and 
rockfill is considerably less than the unit cost of cement, but this is 
partially offset by the volume of material used in an earth dam being 
considerably larger than that used in a concrete dam. In addition, 
rapid development in the capacity of earthmoving machinery and efficiency 
of compaction equipment has kept the unit cost of earthfill material 
essentially the same, in fact, as is shown in Table 1.1, there is a 
tendency for the unit cost of earthfill and rockfill to decrease in 
absolute terms. The figures in Table 1.1 have been amended to compensate 
for inflation and therefore enable a direct comparison to be made, 
although consideration must be given to the dam's location. 5 It is also 
evident that a discontinuous construction process and the high cost of 
skilled labour is causing a rapid rise in the cost of concrete dams. 
Approximately 60 per cent of the world's 'large' dams are earth- 
fill structures. The construction trend of 'large' dams for selected 
countries during the period 1900 to 1973 is shown in Table 1.2, showing 
the dramatic decline in the popularity of the gravity dam-6 It can be 
seen from these statistics that, generally, the rate of earthfillJ 
rockfill dam construction is relatively constant, and in many instances 
actually increasing. In contrast, the rate of concrete dam construction 
is declining. This is particularly marked in the case of the United 
States of America, France, Canada and Italy. 
_v 
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TABLE 1.1: Cost Comparisons for Various Types of Dam 
Constr. 
Date Name 
Original 
Constr. Price 
£/m3 
Amended 
Constr. Price Type 
(1978) £/m 
'Average' values for 
HEP Reservoirs Scotland 
£4-£S £9.4 E+R 
1965 Balderhead £1.3 £2.8 E 
1954 Shira-Lower West £4.5 £10.0 E 
1960 Breaclaigh £3.3 £7.2 R 
1976 Kielder - £6.0 E 
1954 Shira-Lower East £16.4 £39 CG 
1962 Nant £9.8 £20 CG 
1966 N. A. £10 £29 B 
1978 Airy Holm - £16.5 CG+E 
1976 Castlehill - £31.6 AG 
E- Earthfill, R- Rockfill, CG - Concrete Gravity, B- Buttress, 
AG - Arch Gravity 
HEP - Dams belonging to North of Scotland Hydro-Electric Board 
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Only in Spain is it found that three times as many concrete as 
earth dams are being constructed, whereas in America there are one 
hundred times as many earthfill dams as concrete dams, and twenty times 
in India. 
Also shown in Table 1.2 are the numbers of each type of dam 
constructed. It can be seen that particular countries, through influence 
of topography and climate, 'favour' different types of construction, 
but that generally the earthfill/rockfill embankment construction 
prevails. Construction trends for selected countries are shown in 
Figure 1.1. 
The popularity of earth dams in China is reflected in the 
construction figures between 1949 and 1972, tabulated in Table 1.3. 
Factors involved here are the use of local material and cheap mass 
labour.? 
Historically, the demand for water for the canal system in Great 
Britain led to a large nurber of small reservoirs and the first few 
large dams being built at the end of the eighteenth century. With the 
first Industrial Revolution reservoir construction expanded rapidly. 
The number of large dams in Great Britain, according to the World 
Register6 is shown in Figure 1.2. Superimposed on this diagram is the 
proportion of dams which are of earthfill construction, approximately 
73 per cent of British large dams. This relates closely to the figure 
of 70 per cent of the world's large dams being of earthfill and rock- 
fill construction. It can be seen that the rate of large dam 
construction in Great Britain ranged from one per decade in 1800-1809 
to fourteen per decade in 1940-1949, with a peak of forty-six in the 
9 
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TABLE 1.3: Large Dam Construction Data for 
China for the Period 1949-19727 
Number 
Earthfill 11877 
Rockfill 129 
By Type Masonry 438 
Concrete 73 
15-30 m 11321 
By Height 30-60 in 1150 
>60 m 46 
Large >100 x 106 
m 254 
By Capacity bSeditun 10 x O-6 - 100 x 10 1307 
Small 10956 
Total 12517 
11 
FIGURE 1.2: Large Dams in the United Kingdom 
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decade 1870-1880. It is interesting to note that until 1841 all the 
large dams were of an earthfill construction. 
The construction trends for the various types of 'large' dams in 
Great Britain for the period 1794 to 1973 are shown in Figures 1.3-1.5. 
Industrial demand, and the increasing demand for an adequate public 
water supply led to an accelerating rate of growth, both in size and 
n uriber, of dams in Great Britain from about 1840. 
Great Britain has been constructing large dams since the early 
eighteenth century - it is believed the first large dam built in this 
country was March Haigh, near Huddersfield (1794). 8 The present total 
of large dams listed for Great Britain in the ICOLD Register, i. e. those 
exceeding 15 metres in height, or between 10 and 15 metres if the 
volume of water stored is in excess of 100000 cubic metres, is 464, of 
which over 40 per cent date back to the nineteenth century or earlier, 
and at least 65 per cent were constructed prior to World War II. Britain 
is not, by world standards, a country of big dams or large reservoirs, 
but it is an interesting thought that in terms of numbers Britain still 
ranks high in the world lists and leads in Europe. 
The World Register gives very little indication as to the total 
number of dams in a particular country. While the Register lists 4725 
large dams in the United States, it is'1 own that some 40000 dams exist. 
Similarly, the Register lists 725 large dams for India when at least 
some 43000 of varying sizes exist. The most reliable information on 
reservoirs in the United Kingdom indicates a mtal of approximately 
5000 reservoirs in existence as of 1971, although this figure does not 
include reservoirs in Northern Ireland. 9 
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FIGURE 1.3-1.5: Construction Trends for Large Dams in Great Britain 
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In Britain, as knowledge of new materials increased small numbers 
of other types of dams were constructed; Abbeystead (1881 - masonry), 
Loch Katrine (1859 - concrete). It is also true that it is only in 
recent years that the satisfactory design criteria for rockfill/earth- 
fill have been, and continue to be, established. 
Knowledge of soil mechanics, pressure grouting, instrumentation, 
heavy earth moving plant and compacting plant have all improved. The 
importance and existence of uplift pressures was only realised at the 
end of the nineteenth century, grouting procedures have been 
established in the last 40 years while foundation drainage is of more 
recent origin. As a result design criteria have changed radically over 
the years, and even now there remain many assumptions, approximations 
and unknowns, resulting in problems in attempting to evaluate the 
safety of old dams. 
1.3 The Development of Safety Regulations for Dams 
The first legislation relating to dam safety in this country 
appeared, indirectly, within the "Waterworks Clauses Act" (1863)10 
This Act made provision that if a person considered a reservoir to be 
in a dangerous condition and complained to two justices, then an 
inspection was carried out and, if necessary, the justices could make 
an order to lower the water in the reservoir,. It is believed that this 
provision of the Act was never called into effect. 
The series of the Eigiau and Coedty dams on November 2nd, 1925, 
finally led to the passing of specific legislation on safety, the 
Reservoirs (Safety Provisions) Act (1930). 11 
I 
15 
Following disasters overseas, and consequent repercussions within 
the profession, the Institution of Civil Engineers (I. C. E. ) constituted 
a committee to assess the situation and make recommendations. Some of 
the recommendations for modifying the 1930 Act, reported in 196612 
were adopted, others were not. In due course a new Reservoirs Act 
(1975)13 received Royal Assent. This Act, however, will only be brought 
into force upon a date to be prescribed by the Secretary of State for 
the Environment, and at time of writing the 1930 Act applies. 
16 . 
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CHAPTER TWO 
ME PROBLEIE OF FLOOD FORECASTING 
2.1 Introduction 
The chapter reviews current flood forecasting methods and, by 
example, shows the need for re-evaluation of the adequacy of some 
spillway capacities. 
In addition the development of flood estimation recomnnendations by 
the Institution of Civil Engineers and by the American Society of Civil 
Engineers is outlined. 
With the large number of earth and rockfill dams requiring 
spillways for the safe passage of flood flows, and with many concrete 
dams not designed for extreme overspill conditions, more thought and 
study is being given to the investigation of run-off characteristics 
and to flood estimation, including floods of theoretical maxi. n 
intensity. The repercussions of such developments in terms of spillway 
sizing can be very significant, and can introduce non-technical 
considerations of risk philosophy. 
Even now, experience in estimating flood potentials shows that no 
statements of absolute certainty can be made about future flood events. 
There must always remain some finite degree of risk that the design will 
be inadequate. 
17 
2.2 Re-evaluation of Spillways 
It is only in the last 25 years that the quality of available data, 
and the advances in meteorology and hydrology have permitted 
re-evaluation of spillway capacities on a rational basis as opposed to 
empirical rules. Many agencies are therefore reviewing the adequacy of 
their dams, particularly older, i. e. pre 1950, structures. 
The need to do this has been indicated by figures released by 
several enforcement agencies. In the state of Maine in the United 
States of America, of more than 1100 dams inspected in 1975, only some 
200 attained an adequate 'standard for spillway capacity. A study of 
repairs to dams in California has indicated that 60 per cent of repairs 
have resulted from defective spillways. 1' 
In 1966, it was reported15 that the state of Missouri had 1300 
reservoirs possessing a surface area 20000 square metres or larger. 
Many of these reservoirs were built with the intention of getting the 
greatest storage capacity at the lowest cost and even designed and 
constructed without qualified professional advice. Since 1958 Missouri 
has experienced 17 failures, mostly due to overtopping and generally 
affecting dams in the 6 metre to 9 metre height range. It was also 
reported that 39 further dams were considered to be in danger of 
failure, including a 21 metre high dam with a spillway only 0.6 metres 
below the crest which was blocked with debris, and a second dam at risk 
in another part of the state, which could create a cascade failure. ls 
Many early failures were due to an absence of reliable rainfall 
and runoff data and the benefits of analytical analyses coupled with 
a failure to recognise the dangers of unprecedented precipitation. 
0 
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Records of runoff and rainfall data that did exist at the time of 
construction were often gained over a record period falling far short 
of those required for meaningful analysis, even by the techniques then 
available. 
Many of the elderly dams in the United States and in this country 
were built to pass a corparatively small 'design flood' of perhaps 1 in 
50 years. Since many of the dams in the USA were built between 1910 and 
1920 and much earlier in this country, this has frequently been 
exceeded. Spillways of many of the dams do not meet today's standards 
primarily because the meteorological and hydrological records on which 
their design was based was inadequate. Re-appraisal of the adequacy of 
such spillways is in many cases taking a high priority in the 
maintenance and safety program s of the larger authorities. 
It is an understandable, but nevertheless disturbing, fact that 
many dams in this country have required remedial measures to increase 
freeboard to an adequate lerel. Of one hundred embankments studied by 
Banks16 approximately 50 per cent were deficient in spillway capacity, 
while another 10 per cent were deficient in other respects. 
The United States Bureau of Reclamation (U. S. B. R. ) have been 
re-evaluating many of their dams since about 1974. Of 54 studied, 10 
were found to require no increase in spillway capacity, but the 
remaining 44 were found to require an increase in capacity ranging 
from 10 per cent to a maximum of 300 per cent with an average of 90 
per cent. 17 The U. S. B. R. then adopted the position that since they had 
used the most favourable, i. e. least severe, methods of analysis, it 
was reasonable to assume that their study was fairly representative on 
19 
a national scale. They also indicated that attention should 
particularly be directed to pre-1950 dams. 
South Africa has also initiated a re-evaluation programme and 
over some seventy dam sites found that the probable maxim m flood (PMF) 
varied from 1.8 to 11.0 times the 1 in 100 year flood, with an average 
of 6.0 times the 1 in 100 year flood generally used in their designs. 14 
2.3 Flood Forecasting Methods 
In general the procedures for fixing spillway design floods can be 
divided into two categories: 
1. Deterministic 
2. Probabilistic 
Methods currently used for flood forecasting and for predicting 
spillway design floods are: 
1. Unit Hydrograph: A method found to be particularly good for 
catdumnts with an area between 100 square kilometres and 5000 
square kilometres. 
2. Routed Hydrograph: A method used for catchments with an area in 
excess of 5000 square kilometres and involving the use of 
hydrographs derived from sub-catchments, which are then lag- 
routed to the dam. 
3. Statistical Analysis: This method utilises the mean annual 
precipitation and statistical techniques to calculate PMF's. 
" 
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4. Regionalisation of the Moments of Frequency Distribution Functions: 
Flood frequency estimates are obtained by the combination of any 
available observed data with relationships developed between 
catchment characteristics and the moments of the assumed frequency 
distribution. 
S. Experience Diagram: Maximum recorded floods are plotted against 
size of catchment. Creager envelopes are also drawn on the diagram 
for various Creager ratings. This provides a method whereby 
recorded maximus floods can be compared with computed values. 
Since 1940 the U. S. B. R. have used the unit hydrograph method for 
flood estimation. Prior to that, an estimate of the required spillway 
capacity was obtained by applying a 'judgement' factor to an envelope 
curve of peak discharges which have occurred in the same general 
vicinity, in watersheds with similar run-off characteristics. With few 
exceptions, the U. S. B. R. has found that the unit hydrograph method 
gives larger estimates of floods. Since approximately 100 large 
U. S. B. R. dams were built without the use of the unit hydrograph method 
prior to 1950, these are now being re-appraised, as indicated earlier. 
Flood design and risk, both in construction and in the operation 
of reservoirs, is a conpromise between design, economy and 
responsibility. A purely hydrometeorological approach is, however, 
deficient from the economic viewpoint. The flood design value obtained 
from such analyses is frequently of such a magnitude that if used for 
spillway design sizing, the resultant design might be quite uneconomic. 
This has resulted in a tendency to over-emphasise the part played by 
experience and judgement in attempting to modify the design value to 
economically and structurally acceptable limits. 
0 
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2.4 Lack of Data 
Lack of data, especially in those wider-developed countries where 
no data may be available, results in the situation where an engineer is 
still expected to make an accurate prediction of extreme flood, which 
in the extremes leads to either uneconomic overdesign or unacceptable 
implied risk. Any calculation of this type is a balance between safety 
and economy, and even when data is available the best that can be 
achieved is to minimise the possibility of a failure to an acceptably 
remote value; the risk cannot be eliminated. Hydrographic information 
is never conclusive, but is always a function of cumulative 
probabilities. 
2.5 Estimated and Observed Floods 
The magnitude of anticipated floods even after exhaustive study of 
available data has frequently proved to fall far short of subsequent 
occurrences. It could be argued that any flood which exceeds the 
capacity of a spillway system could not be expected on the sole basis of 
the existing records and probabilistic theory, and in many developing 
countries an estimate of design flood is based on incomplete data of 
past floods. However, a flood described as having a statistical return 
period of 1 in 10000 years could arrive next year and the year after 
and not return for a further 30000 years. 
Values for design floods and observed floods at several schemes are 
shown in Table 2.1. 
It is interesting to note that the flood experienced at the Rincon 
de Bonete scheme has been estimated as having a return period of 1 in 
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500000 years. 
Many 'flashy' rivers present additional problems when attempting 
to establish design floods. Data for the Djerdap project, near the Iron 
Gate, on the River Danube, was collected over 50 years and gave the 
following results: 17 
Minimwn Flow 
(m3/sec) 
Maximum Flow 
(m3/sec) 
Mean Flow 
(m3/sec) 
Ratio of Mean Flow 
to Maximann Flow 
1040 10600 5520 1.9 
The corresponding results for the Pasco de los Torres scheme on the Rio 
Negro, Uruguay, gauged over a period of 29 years are: 
Minirun Flow 
(m3/sec) 
Maxirnnn Flow 
(m3/sec) 
DL-an Flow 
(m3/sec) 
Ratio of Mean Flow 
to Maximum Flow 
1 5460 490 11.1 
The Kaddam scheme in India was designed for a maximum flood of 
2500 m3/sec. During construction a flood of 3556 m3/sec was experienced 
and the design was consequently uprated to 7000 m3/sec. In the event, 
the dam failed when a flood of 15064 m/sec was experienced soon after 
3 
completion. 17 
Avon dam, Sydney, Australia, a gravity structure built in 1927, 
was designed to pass a flood of 765 m3/sec. The design was re-assessed 
after a 24'hour storm resulted in a flood of 1130 m3/sec during 
construction. 18 
0 
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The hydrological safety of earth dams bears no relation to elapsed 
time. It observes the laws of probability. However, the scale of damage 
downstream, caused by overtopping, is increasing as societies develop, 
and the margin of safety must be acceptable in terms of life and assets 
downstream. 
2.6 Re-evaluation of Spillways 
The Institution of Civil Engineers Floods Working Party, -19 and 
the American Society of Civil Engineers (A. S. C. E. ) Conmiittee on the 
Re-evaluation of the Adequacy of Spillways of Existing Dams20 have 
studied the problem of choice of design floods. Both groups recommended 
that flood protection for reservoirs whose failure would endanger hui n 
life downstream should be assessed according to the nunber of lives at 
risk. 
2.6.1 Institution of Civil Engineers' Recommendations 
A study of floods in the United Kingdom and Northern Ireland has 
been reported in the National Environmental Research Council's (NERO) 
Flood Studies Report (1975)21 and provides the basis for improved 
flood estimates, particularly in ungauged catchments. This Report 
supersedes the empirical enveloping curves of flood intensity used in 
the Institution of Civil Engineers' 1933 Report "Floods in Relation to 
Reservoir Practice"22, and its reprint in 1960, and made a complete 
revision of these reports imperative. 
The 1933 paper dealt only with reservoirs in upland areas and 
giving design standards and all necessary tables and figures required 
for design. 
0 
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The NERC Flood Studies Report is based on the principle that for 
any catchment there is a maximum flood hich will not be exceeded, and 
that its magnitude can be estimated. The Report proposes methods for 
determining the estimated maximum flow (EMF) and lesser flows, Q(T), 
with a return period T. 
The Reservoir Flood Standards discussion paper23 gives a set of 
reservoir safety standards, which are supplemented by the publication 
'Floods and Reservoir Safety - an Engineering Guide'. 2'; 
The Institution of Civil Engineers recommended that maximum 
protection would be required where lives in a comity would be in 
danger, and in this case the dam would be required to pass the PMF 
(Possible Maximum Flood). If the endangered lives are not in a 
co*aanmity, that is only isolated properties occupy the downstream 
flood plain, the design flood drops to one half the PMF, or the one in 
10000 year flood, whichever is larger. To avoid overdesign, and costly 
remedial measures, where there is little risk to life, two more 
reservoir conditions permit reductions of the design flood to one in 
1000 years (or 0.3 PINT) and one in 150 years (0.2 PMF) depending on 
the degree of damage that could be caused by breaching. Relaxation of 
the general standard is permitted if the inspecting engineer considers 
an occasional, brief overtopping to be tolerable, but it is thought 
that this will only be applied to concrete and masonry dams and 
possibly to well protected (i. e. paved) embanlenents. The Institution 
of Civil Engineers' recommendations are shown in Table 2.2.25 
Another option available to the inspecting engineer for certain 
daute (categories 'B' and 'C', Table 2.2) is a least cost analysis. 
This approach was also used by the ASCE committee. An economic analysis 
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linking the cost of improving a dam's spillway with the damage to be 
expected from floods greater than the new capacity. As a result, there 
is an attempt to adopt an evaluated level of risk at which the total 
of all social costs will be a minimum. The social costs, in this 
context, are composed of two entities: the cost to provide safety and 
the cost which measures the magnitude of risk from lack of safety. 
A typical graph produced by an economic analysis is shown in Figure 
2.1.19 
The Institution of Civil Engineers' publication 'Floods and 
Reservoir Safety: an Engineering Guidei24 is intended to assist those 
individuals who bear the personal responsibility that comes from being 
appointed to the statutory panel of engineers qualified to design and 
inspect impounding reservoirs. An attempt is made to define standards 
on a broad basis to cover all major points of principle and to give 
sufficient guidance to avoid excessive discrepancies in the conclusions 
reached by differing engineers when reviewing the safety of an 
existing dam. 
Reservoir flood protection standards proposed include 
recommendations for assumptions to be made for the three main factors 
to be considered when defining the initial reservoir level, the flood 
inflow and concurrent wind speed. Reservoir flood and wave standards 
are tabulated and guidelines are given which enable a dam to be 
categorised according to the risk involved and a dam design flood 
inflow chosen. 
The Guide identifies the main steps in any unit hydrograph method 
whether precisely following the Flood Studies Report approach21 or 
otherwise and indicates the differences between estimating a flood of 
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(a + b) = Total Cost 
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Reservoir Flood Inflow Return Period (Years) 
given probability or the Probable Maximum Flood by the Flood Studies 
Report. 
In addition a method for the rapid assessment of the ability of 
an existing dam to cope with the combination of flood, waves and 
initial reservoir level is presented. 
Contents on the decisions and assumptions that are required at 
the outset of a routing calculation or when reviewing initial results 
are made. 
Wave surcharge and dam freeboard are discussed and a method 
outlined for estimating wave surcharge allowance, i. e. the 
theoretical wave freeboard sufficient to prevent overtopping reaching 
quantities that could threaten the dam crest. 
Finally recornnendations for the risks taken over limited periods, 
such as during construction periods, are made. 
The Working Party on Floods and Reservoir Safety have recommended 
that after ten years' experience has been gained by panel engineers in 
using the guide its contents should be reviewed and, if deemed 
necessary, it should then be revised. 
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2.6.2 American Society of Civil Engineers' Recommendations 
The ASCE Committee reconn nded similar measures but based on 
reservoir size, a hazard rating, and the possible loss of life 
involved. These requirements are shown in Tables 2.3,2.4 and 2.5.26 
The Committee have suggested arbitrarily setting the PMF equal to the 
10000 year flood. 
In this country and in the United States the potential loss of 
life that would result from a breach caused by overtopping is 
frequently such that the 'calculated risk' approach cannot be accepted, 
and the PMF flood is adopted for design. 
Even with these recommendations, there is always some possibility 
that the design will prove inadequate. 
The losses and lost values for the dam and its associated 
structures can be calculated and may include, especially in the case 
of a hydro-electric power scheme, the cost of loss of service during 
the flood and also while under reconstruction. In addition, damage 
occurring downstream can be evaluated once the downstream flood wave 
characteristics have been defined by the use of transient flow 
techniques, i. e. Di Marchi's Formula 7To put a financial figure on 
possible loss of life and injury is extremely difficult and moves into 
the realms of 'social' and 'political' values. 
1ºhen the spillway capacity of a dam has been re-evaluated, which 
is usually done by routing the new inflow through the reservoir on the 
basis of the most advantageous operating procedures and allowing 
maximum acceptable encroachment on the dam's freeboard with regard to 
loading conditions, and the spillway still proves to be inadequate, 
. 
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Size Loss of Life Economic Loss 
Low No loss of life Minimal economic loss 
Significant Few Appreciable economic loss 
High Greater than few Excessive economic losses 
TABLE 2.3: Classification of Hazard Potentia126 
Size Storage 
acre feet 
Height (feet) 
Small <1000 <40 
Intermediate 1000-50000 40-100 
Large <50000 >100 
TABLE 2.4: Reservoir Size Classification26 
Size Hazard Rating Design Flood 
Low 50-100 yr flood 
Small Significant 100-1 PMF 
High PMF-PMF 
LOW 1 -i PMF 
Intermediate Significant PMF 
Hi PMF 
w PMF-PMF 
Large Significant PMF 
High PMF 
TABLE 2.5: Performance Standard Classification26 
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there are several possible alternatives to alleviate this situation. 
These include: 
1. Revision of operating procedures, including reduction of 
reservoir utilisation. 
2. Structural modification - outlet, scour, spillway, fuse-plug, 
dam. 
3. Construction of an upstream dam to reduce the maximum possible 
flood (MPF). 
4. Abandonment of the dam. 
Revisions to the operating procedure may include one or more of 
the following: 
1. Revision of schedules for opening spillway gates, or the removal 
of stop-logs, to reduce the maximum water level, or to give 
maxinum spillway discharge. 
2. Improvement of the inflow forecasting criteria, and the 
establishment of operating procedures to reduce reservoir 
storage during periods when a flood is likely to occur. 
3. Improve facilities for standby power and communications and 
arrangements for competent staff to be in attendance during 
adverse and flood conditions. 
Minor structural modifications may include one or more of the 
following: 14 
1. Restoration of the crest and therefore freeboard. 
0 
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2. Extension of parapet walls when and where they are not 
continuous; especially near mitres since, generally, the 
compaction may not be so adequate, and erosion may occur. 
3. Replacement or extension of all or parts of the spillway wall. 
4. Improvement of the spillway stilling basin. 
S. Nbdification to spillway gates. 
6. Refilling joints in parapet walls. 
Any remedial measures suggested should be studied with care since 
sonne recommendations may. in fact promote local damage from various 
causes. As an example, increasing the height of a wave wall, or 
replacing the wall, can lead to local slipping on the crest due to 
extra superload. The wave wall can also divert rim-off to the down- 
stream slope of the dam and to the mitres, instead of into the 
reservoir, causing local erosion damage. A largely vertical wave wall 
on the crest of an embankment-can cause wind-driven water, i. e. spray, 
to be thrown up into the wind, onto the downstream slope of the 
embankment. 
2.7 Safety Considerations 
As stated earlier, a flood with a nominal return period of 1 in 
10000 years may occur next year at any time and the year after, and 
then not for a further 30000 years. It is debatable whether it is 
possible to properly comprehend return periods of the order of tens 
of thousands of years. It may be argued that it takes a mathematician 
to fully appreciate what is meant by, defining statistically, a chance 
of 1 in 100000, and it may be difficult, if asked, to explain the 
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logic of statistical hydrology applied to spillway design in terms that 
can be understood by the layman. 
Society is not entirely rational, and judgements are therefore 
not made on a totally rational basis. Griffiths and Berry28 point out 
that whereas river flooding is viewed as a natural phenomenon, the 
failure of a man-made structure such as a dam is viewed in a very 
different light. It is not 'socially' or 'politically' acceptable for 
a dam to fail, and it seems that the public associate and tacitly 
expect differing standards of safety in differing aspects of life. 
It is accepted, for instance, that highways are not designed to 
eliminate loss of life, and a1 in 100 chance of being killed on the 
road is judged tolerable by society. Bass29 reports, from the Registrar 
General's returns, that the odds against suffering other forms of violent 
death are (male and female together): 
Homicide 1500: 1 against 
Falls 110: 1 against 
Roads 85: 1 against 
Any violent death 27: 1 against 
It is also accepted that in the case of homicide investigations 
very large amounts of money will be used to carry out an exhaustive 
police investigation in attempts to bring to trial and subsequently 
to maintain one convicted criminal. 
The 'fail-safe' concept is associated with nuclear power stations, 
nuclear weapons, and aircraft, and it may be argued that this 
terminology creates a false sense of security - nothing is 'fail-safe'. 
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It'is evidently impossible to offer complete protection in an 
environment which knows no limits to combination of events. 
The 'Maximum Credible Incident' (MCI) concept applied to nuclear 
installations is an attempt to quantify the worst possible combination 
of events. Any design involves some risk, and our task becomes one of 
selecting the criteria on which our judgement of acceptability is to 
be based. 
The 'safe life' concept is applied to conponents in many 
structures, including aeroplanes, and it can be argued that this 
approach may be relevant to the safety of dams. 
It is generally recognised that. the cost of providing complete 
protection against loss of life is unacceptable, and in economic 
analyses it has become customary to attempt to value such loss in 
monetary terms. 
It was Griffiths' and Berry's28 opinion, as it is the Author's, 
that in the present legal climate and with public opinion regarding 
dam disasters as it currently is, where loss of life is foreseeable 
the dam and spillway together mast be able to pass the estimated 
maximum flood without total failure. Griffiths and Berry also suggest 
that the use of cost benefit analysis is not appropriate to the 
determination of the optimum size of spillway since it is possible to 
obtain almost any result depending on the initial assumption. A 'least 
cost' method of analysis is therefore to be recommended. 
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2.8 Conclusion 
The problem of flood forecasting is complex, and choice of 
'design flood' a very controversial issue. This will continue to be so 
in the foreseeable future. 
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C AP'IER TREE 
FAILURES AND ACCIDENTS 
3.1 Introduction 
In striving to optimise the use and control of water resources 
through the construction and operation of dams and associated 
structures, the potential menace of these works if irproperly designed, 
constructed, operated and/or maintained, must be recognised. Dams 
represent a major potential hazard, as in few other types of engineering 
works are the consequences of total failure likely to prove so severe. 
Dams will continue to fail, and while failures represent only a 
fraction of the total stock of dams throughout the world, the damage 
resulting from the failure of even a low dam can be disastrous and 
costly. An engineering failure of this kind is a serious matter, 
involving not only the loss of all or part of the structure and storage, 
but possibly property, and may cause injury and death, as examples have 
so aptly illustrated, with appalling loss of life and damage to property. 
3.2 Failures 
The failure of an engineering structure, unless attended by loss 
of life or property, does not usually attract the attention of the 
layman. When it involves loss of life as well as property it becomes 
0 38 
of great concern to the general public. Every dam, regardless of its 
size, represents to some degree a potential threat to those living 
downstream. 
The building of dams is as old as the history of mankind. The 
demand for water for all purposes requires larger reservoirs and higher 
dams to be built in progressively less suitable locations. In addition, 
the engineer's endeavour to construct a safe structure will be in 
conflict with his efforts to exploit materials economically and to the 
best advantage. 
6 
A specific cause of failure is often difficult to isolate and 
evaluate, and the reason assigned waist inevitably depend to some extent 
on the judgement of the engineer. Dams can fail in many ways. Essential 
mechanises include overtopping due to inadequate spillway capacity, 
excessive settlement, embankment slips, seepage, piping and many others. 
Sketches illustrating some of. the ways in which embankments can fail 
are shown in Figure 3.1. 
Overtopping can result from one of several defects in the 
structure and its design. Defects may include inadequate spillway 
capacity, lack of maintenance for control equipment installed on or in 
the dam, settlement caused by seepage or by insufficient compaction, 
extremes of rainfall, embankment slips, incorrect operation of the dam, 
and even vandalism, as shown in Figure 3.2. Within each of these 
subsidiary or contributory causes of overtopping there may be a 
multitide of other such factors which may initiate the failure 
process. Figure 3.3 illustrates some of the ways in which settlement 
may lead to overtopping and eventual failure. 
0 
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cross-section 
Although it is difficult to specify a single reason for failure 
several analyses of types of failures have been carried out over the 
years and show significant trends. It can be seen from the data 
presented in Table 3.1 and Table 3.2 that failures involving over- 
topping and inadequate spillway capacities account for about 35 per 
cent of recorded failures and accidents. In 1961 the Spanish 
publication Revista de Obras Publicas30 listed 1620 dams and noted 308 
serious accidents between the years 1799 and 1944. Of the failures 
listed, 163 were earthen embankments, 14 were classed as dykes, 70 as 
concrete gravity, 9 as arch dams and 52 as other types. The causes of 
failure, as published, are shown in Table 3.1.31 An earlier statistical 
review covering 128 earth dam failures resulted in the figures given 
in Table 3.2.32 The dam failures concerned occurred between 1799 and 
1922. Again it can be seen that approximately one third of all 
failures have been due to overtopping. No soil is totally resistant 
to erosion, and with an unprotected soil large quantities of material 
can be quickly eroded if appropriate conditions exist. 
In relation to gross land area Britain may be described as a 
densely populated country in which there exists a large stock of 
elderly, mainly earthfill, dams. Many of these dams are built in 
potentially dangerous situations, in as much as they occupy sites in 
the Midlands and North West, above highly populated areas, often in 
series with other reservoirs, and also often in confined river valleys. 
These dams may be described generally as being of small or mediun size 
and elderly, many being built at a time when technology of design was 
fairly rudimentary, if not actually non-existent. Data gathered by the 
Department of the Environment in preparation for the 1975 Act indicate 
0a 
total of some 5000 dams in the UK, excluding Northern Ireland, of 
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Cause of Failure $ of Total 
Foundation Problems 40 
Inadequate Spillway 23 
Poor Construction 12 
Uneven Sattlercent 10 
High Pore Pressure 5 
Acts of War 3 
Embankment Slips 2 
Defective Materials 2 
Incorrect Operation 2 
Earthquakes 1 
TABLE 3.1: Analysis of Failures31 
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. Cause Number Percentage 
Inadequate Spillway 38 30 
Inadequate Spillway - 
Overtopped by Failure of Dam 
Above 
6 4.5 
Inadequate Cut-off Porous 
Foundation - Leakage/Erosion 
17 13 
Faulty Construction 9 7 
Inadequate Cut-offs Round 
Conduits 15 12 
Faulty Design - Slopes 5 4 
Inadequate Stxeam Control 
During Construction 5 4 
Irrproper Use of Clay 6 5 
Improper Maintenance and 
Operation 2 1.5 
Burrowing Rodents 2 1.5 
Poor Materials 4 3 
Unstable Foundation 1 1 
Conduits not Properly 
Supported to Prevent Failure 
2 1.5 
Erosion from Backwash Below 3 2 
Earthquakes 1 1 
Miscellaneous & Undetermined 7 5 
Failure of Bottom in Small 
Reservoirs 5 4 
TOTAL 128 100 
TABLE 3.2: Analysis of Failures32 
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which approximately 2000 qualify for inclusion within the ambit of the 
1930 legislation. 
Dams are subject to deterioration not solely from time and the 
effects of the elemnts but can also be rendered obsolete and possibly 
dangerous if the assertions on which they have been designed are 
later proven unrealistic or inadequate. 
3.3 Safety Regulations and Legislation 
Dam safety laws and inspection programmes vary widely throughout 
the world. 
In the United States of America legislation regulating licensing 
and inspection procedures have been the responsibility of each 
individual state. Great differences exist in the manner in which the 
states carry out their responsibilities to the safety of dams built 
within their jurisdictions. 
The United States Public Law 92-367,1972 authorised the Secretary 
of the Army through the Chief of Engineers to undertake a national 
programme of inspection of dams, to compile an inventory of dams in 
the United States, and to prepare for Congress recommendations for 
implementing a comprehensive national programs for din safety, 
including assignments of responsibilities. This Law was enacted 
following the near failure of the Lower Van Norman Dam during February 
1971, California earthquake, the Buffalo Creek failure in February 
1972, and the Rapid City dam failure of June 1972. Public concern over 
these incidents was such that Congress was moved to react quickly 
through the enactment of federal legislation. The Public Law, applicable 
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to dams greater than 7.6 metres (25 feet) provided it impounds more 
than 18.5 t. c. m. (15 acre-ft), or to a dam greater than 1.8 metres 
(6 feet) if it impounds more than 61.7 t. c. m. (50 acre-ft), indicated 
the existence of approximately 49000 dams. The responses of the states 
and territories indicated that 11 have no lawsregarding any aspect of 
dam supervision. 33 The Chief of Engineers recoxnnended that a 
comprehensive National Dam Safety Programme should be implemented, 
followed by an inspection of those dams with a high or significant 
hazard potential, and that the National Dam Inventory should be 
maintained. 
In France legislation also applies to all dams greater than 20 
metres (66 feet) in height, %hile in Japan a darn is subject to 
legislation if any of the following criteria are satisfied: 
(a) the dam is greater than 15 metres (SO feet) in height; 
(b) the dam has spill-gates and has a total length of reservoir, 
measured along the river bed including tributaries, of more 
than 9.6 kilometres (6 miles); 
(c) a cascade system. 
In Great Britain the Reservoirs (Safety Provisions) Act 193011 
was one of the earliest attempts to regularise dam safety procedures. 
The 1930 Act was applicable to reservoirs storing more than 22700 cubic 
metres (18.3 acre-ft) of water. One of the new provisions of the 
Reservoirs Act 197513 is the rounding up of the qualifying storage 
capacity to 25000 cubic metres (20.2 acre-ft). 
The American legislation is seen to exclude any dam smaller than 
6 feet (1.9 m) in height regardless of its storage capacity, and any 
0 
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dam with a capacity of less than 15 acre-ft (61700 m3) regardless of 
height. British legislation will exlude any dam with a capacity of 
less than 25000 m3 and will apply only to reservoirs retaining water 
and therefore exclude industrial lagoons, some of which are subject to 
the Mines and Quarries Act (1969) and canal embankments. 
3.4 A Study of Failures 
In engineering much is learned from failure - relatively little 
from success. The knowledge of problems encountered in construction and 
operation of dams enables safer structures to be built and more 
effective operating procedures to be devised. Disasters have been 
demanding teachers, but properly structured studies of the mechanisms 
by which dams fail can offer an instructive approach to design problems, 
and it could be said that the more disastrous a failure the more 
valuable are its lessons. 
The safety of dam, while of concern to their designers and 
constructors, is important to those whose lives and property may be 
endangered. Inherent in the development of any design criteria, 
procedures or legal requirements calculated to ensure that a dam is 
safe against any reasonable contingency, there must be thorough 
understanding of past failures. 
With this in mind, an understanding of past failures due to 
overtopping was though to be instructive, and so an extensive survey of 
literature was instigated. Local authorities, water authorities, 
libraries, - technical institutions, panel engineers and individuals with 
an interest in dam engineering were contacted and the resulting data 
stored. For statistical analysis and reference, however, a conputer 
file listing consisting of a line entry for each dam was written and the 
0 
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most pertinent data stored in this way. Data could be added or changed 
at will by use of an editing programme. A copy of the resulting 
'print-out' is presented in Appendix A, and a 'sub-file' containing 
only British dams is given as Appendix B. The file is entitled 
"Known Instances of Dams which have been Overtopped" since the Author 
has included incidents which did not involve the loss of the embanlanent 
or total loss of storage but which damaged the embanki nt to the 
extent that remedial measures had to be instigated. 
The International Colranittee on Large Dams published a text on 
incidents and failures a; a nunber of dams. 34 Incidents and failures 
were put into a category selected from one of the following: 
1. Complete failure - leading to abandonment. (F1) 
2. Severe failure at time, but repairs enabled the dam to 
be put back into operation. 
(P2) 
3. Accident, prevented from becoming a failure by remedial 
(Al) 
works or operations - such as drawing down level. 
4. Accident during initial filling, immediate measures such 
(A2) as drawing down before putting into operation. 
S. Accident during construction or before impoundment. (A3) 
It is thus apparent that very differing emphasis may be put an the 
word 'failure'. 
The listing in Appendix A involves some structures which may be 
better described as levees, canal banks, weirs, natural dams, debris 
barriers and ice-bar barriers, and it may be questioned as being of 
any value to the design and construction of man-made barriers across 
" 
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natural water courses. These structures, as man-made barriers, do 
impound water and can be a potential hazard. 
Accidents to, and failures of, earth or rockfill diversion 
cofferdams, where a degree of risk is acceptable for economic reasons, 
are common. As a result of the incomplete state of the dam some damage 
may be done if the upstream cofferdam is overtopped, but this damage 
is usually repairable and the dam is serviceable after completion. 
Several ancient dams, about wiich very little is known, are also 
included, but they are of interest as they show the progress in dam 
construction through the ages, and from some cf the descriptions it is 
apparent that many of these early engineers did realise the devastation 
that could result from the failure of a dam due to overtopping. 
Unfortunately, it mist be recognised that these notes may include 
reporting errors. Especially in the case of early incidents, various 
references to the same failure contain conflicting data regarding names, 
dates, dimensions. An attempt to cross-reference dams with alternative 
names has been made. It may appear from the listing that the United 
States is the major offender, but this is believed to be due to more 
complete reporting in reports and periodicals. 
In addition there is a natural tendency of reporting, first hand, 
accidents having occurred recently and therefore in vivid recollection, 
while accidents having occurred many years ago have more or less been 
forgotten. Failures can also be expected to be better reported than 
accidents. Accidents in recent years are more completely reported than 
those occurring a long time ago. An additional difficulty in a study of 
this type is that incidents/failures occurring to small dams, unless 
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causing death or injury, are rarely published, and these incidents/ 
failures are therefore more difficult and time-consuming to research. 
Inspection of the list and the completed files on each incident 
reveals several lessons to be learnt: 
3.4.1 Small Dams 
There is a tendency to a degree of complacency about the very 
small dams, to which no legislation is applied. Small dams can cause 
as much damage as a large dam in certain circumstances. Some authorities 
have realised that a small dam is an important structure and that, just 
as in the case of a 'large' dam, the damage caused by the failure of a 
small dam is a function of its location, both in distance from and 
height above a downstream community, the dam height, the reservoir 
volume, the amount of development downstream, whether the dam is a part 
of a series of dams, the shape of the valley downstream of the dam, and 
the speed at which the failure, or partial failure, occurs. 35 In 
addition, many of the old dams, especially those in this country and 
the United States, were planned and initially built in remote areas, 
often where only limited hydrological data was available. Now, due to 
population growth and urbanisation, the areas below many dams are 
becoming more densely populated. Development may also have affected 
the run-off characteristics of the catchment. Demand for water has 
also resulted in reservoirs being grouped in series in confined river 
valleys. 
It has been argued that large prominent dams are safer than small 
obscure dams, since they are more likely to be properly designed and 
maintained. The fact that a dam is 'large' results in people being 
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aware of the potential danger of failure, whereas it is often forgotten 
that the failure of a small dam at the head of a catchment can trigger 
a cascade effect. As an example, the failure due to overtopping of 
Canyon Lake Dam, America in 1972 caused the loss of over 330 lives, 
and damage which at the time was estimated at sixty million 
dollars. 36,37938 A study of Appendix A reveals that dams smaller than 
Canyon Lake, a 'small' dam by ICOLD standards, have caused even greater 
damage in terms of human life, again illustrating that the height of 
the dam or reservoir volume are not the only factors to consider from 
the point of view of risk. Several examples are shown in Table 3.3. 
The minimum dimensions etc. adopted by the International 
Cie fission on Large Dam before a dam is listed in the World Register 
of Dams6 seems rather restrictive. They specify a dam with a height of 
not less than 15 metres from the foundation to crest, or small dams, 
if they have a crest length of not less than 500 metres, if the 
capacity of the reservoir is not less than one million cubic metres, 
if the dam has difficult foundation problems, the dam is of unusual 
design, or if the maximum flood discharge is not less than 2000 cubic 
metres per second. Dams of less than ten metres in height are excluded 
from the Register. Of the list of 567 failures/incidents only 333 (58% 
of the total) have occurred to dams conforming with the ICOLD 
requirements for registration. Many authorities apply less stringent 
conditions to ascertain whether or not a reservoir should be subject to 
safety legislation. 
The Author considers that even small dims mist be officially 
, controlled by safety legislation. Babbi-Yar dam, in the Ukraine39,40 
failed due to overtopping in 1961, killing 145 and causing damage 
estimated at the time at three and a half million dollars. The dam was 
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Country Name Height Year of Incident Loss of Life 
Bolivia Potosi 8 1626 4000 
Great Britain 1hinhill 13 1835 40 
Great Britain Cymcarn 12 1875 12 
Canada Alton 2 1889 2 
America Staunton 5 1896 5 
A. ^crica Oakford Park 6 1903 12 
Great Britain Skelmorlie 5 1925 5 
America Canyon Lake 6 1972 330 
TABLE 3.3: Exam 1es of Loss of Life 
causby the Failure of 'Small' Dams 
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only 10 metres high. An ornamental goldfish pond at Henbury Hall 
caused extensive damage when destroyed by a flood in 1872.41 It gave 
rise to the lawsuit Nichols v. Marsland42 in 1876, and it still serves 
as a precedent in British jurisprudence. 
In addition, there are many dams in this country whose capacity 
is marginally below that which is required to be subject to the 
Reservoirs (Safety Provisions) Act 1930. These reservoirs may 
temporarily store a volume of water in excess of that required for 
inclusion within the Act due to small and inadequate outlets, and this, 
albeit a temporary storage, must represent a weakness within the 
legislation. 
The graph in Figure 3.4 represents the number of recorded 
incidents/failures due to overtopping plotted against the height of 
the dam. 
Any statistical analysis of this type is not entirely valid, since 
it assumes that each country listed reports failures to the same degree, 
that such reports are readily accessible, that the same environment 
exists, that the same materials are used, and the same construction 
methods and safety standards are implemented. Such an analysis can be 
used for comparison and to indicate possible trends. 
It can be seen from Figure 3.4 that the most common failures 
appear to be to those dams with a height of the order of 10 metres - 
a relatively 'small' dam. However, as there are a greater number of 
small dams. than large dams, and it is not known how many incidents/ 
accidents have not been reported, this statement must be interpreted 
with caution. 
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The high incident/failure rate for small dams and not only due to 
overtopping may be due to several factors which are listed below: 
1. The increasing demand for water and lagoons for industrial 
processes has led to small dams being designed and constructed by 
persons who may have no previous experience with design and 
construction and maintenance of dams. The increasing use of waste 
and collecting ponds and demand for water will obviously lead to 
an increase in the number of small dams. 
2. Owners and maintainers of small dams may be lulled into a false 
sense of security by virtue of the very size of their structure. 
3. The practice of relating fees to construction costs is not valid, 
since a good design for a small dam is likely to cost as much as 
that for a large dam. 
4. Those responsible for design, construction and maintenance may 
only be concerned with the use to which the reservoir is to be 
put to the possible detriment of the structure in design, 
construction, supervision and later maintenance. 
3.4.2 Engineering Supervision during Construction 
Dams appear to have been one of the few civil engineering 
structures which can cause devastating loss of life and which have on 
occasion been designed and constructed without any engineering 
supervision, and indeed it has not always been considered necessary to 
employ a qualified engineer with some knowledge of the requirements for 
dam construction. This was the case at Holmfirth (failed 1850)43, 
Greenwood (1936)44, Mill River (1874)39,45,46 and Kilantringan Loch 
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(1843)47,46, the latter failing in November 1843, four months after 
construction was completed. No engineer was employed during the 
construction, and the embankment was filled as soon as it was completed. 
The fill had not been compacted during construction with the result 
that on impounding the embank nt settled and was overtopped. 
A similar experience occurred with the 100 year old American 
Greenwood dam` 4 and with the Mill River dam39, k5, `'6 which failed in 
May 1874 with the loss of 143 lives. No engineering supervision was 
einployed during the design and construction phases. Lower Otay dam, 
which failed in January 1916, nineteen years after its construction, is 
said to have been 'recklessly conceived and crudely construction'. 49,50 
The fact that a dam does stand, however small the factor of safety, is 
often sufficient proof of its safety as far as the general public is 
concerned. 
Engineering supervision has frequently not been employed because 
the cost of the works exceeded the funds available for the project, as 
in the case of the Holmfirth (Bilberry) failure of 1852.43 The letter 
inviting George Towlerton Leather to be engineer for the scheme stated: 
'You will only be required to come over now and then, as circumstances 
may require', because they would employ a surveyor 'to attend the works'. 
The first tender was accepted in 1838 and later transferred to another 
contractor in 1843. Leather appears only to have visited the site twice, 
and on the second occasion, after finding that his instructions from 
his first visit had not been carried out due to lack of funds, he 
refused, rightly or wrongly, to give further assistance. Construction 
was continued and, in due course, total failure occurred some eight 
years later. 
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3.4.3 Spillways/River Diversion during Construction 
' The construction of a dam presents the designer with a problem 
concerning river diversion and provision of flood by-pass facilities. 
A compromise must be made between size, and hence cost, of these often 
temporary works, and the possibility of the arrival of a flood 
exceeding the capacity of the by-pass measures within the construction 
period. It was possible that severe economic pressure could be put on 
the designer to keep these costs to a minimwn; however, the damage 
caused by a flood and the delay incurred must be considered when 
deciding the capacity of by-pass measures. 
Instances of damage due to overtopping during construction, due 
to floods, include: Akosorbo (1963) Alibey (1974) 52, Big Santa Anita 
(1926)34,53, Bartlett (N. A. )54, Buffalo Creek (1970)34,55, theeseman 
(1900)56, Credit River (1910)3957, Croton (1841)58, Folsom (1953)34, 
Enbsay Moor (1908)59, Hell Hole (1964)60 dams and many others. 
3.4.4 Spillways 
The need for proper spillways was demonstrated by the early 
failures of quite ambitious schemes engineered by the early civil 
engineers. One of the first failures involving, as already mentioned, 
one of the first dams built was at Sadd-el-Kafara. 3 The failure of this 
dam seemed to deter the Egyptians from building dams, at least of 
masonry, for several thousands of years. The same lesson was learnt at 
Adhiem61 in Iraq some time between 605 B. C. and 562 B. C., and one might 
think that man had realised the consequences of omitting spillway 
facilities; but failures due to hopelessly inadequate spillways have 
occurred more recently. A dam at Schenectady62 built in 1853, which 
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failed in 1916, had as its only outlet a wooden waste gate on a 
pipeline which was closed when the flood reached the dam. Even more 
surprisingly, a 110 year old dam in Nbhegan Park at Norwich, Connecticut, 
USA failed in March 196363 by overtopping, releasing 200000 cubic 
metres and causing the loss of 12 lives. No spillway was provided, the 
only outlet works being a small. sluice through the base of the dam 
built to feed a mill race. This situation was allowed to exist for 110 
years until failure in 1963. 
Meadow's Dam, Utah64 was being constructed in 1937 without the 
provision of a spillway. Only protests by the local populace, indicating 
that at least someone was aware of the possible consequences of the 
omission, led to incorporation of a spillway. 
A possible reason for some dams not being provided with a spillway 
was that the land downstream was not developed, and a simple comparison 
between construction costs and damage caused would show costs of the 
latter to be smaller, given no loss of life. 
Several dams are known to exist whose spillway capacities have 
been drastically reduced by construction of roads across the crests, 
and several conventional spillways have been filled in to carry road 
decks and replaced by small culverts. 
3.4. S Interruption of Work during Construction 
If work is interrupted during construction for aiy significant 
length of time, whether it be due to lack of funds or any other reason, 
the means of flood discharge should be assessed in terms of the 
calculated risk and the losses likely to be incurred if a flood occurs. 
0 
59 
Extensive damage and the loss of 160 lives was the result when 
the Senpor Dam, Indonesia65 was overtopped by a flood in December 1967. 
Construction was started on the rockfill dam in 1963, but due to lack 
of finds work ceased in 1965. Monsoon rains breached the unfinished 
rockfill dam two years later, in 1967. 
3.4.6 Access 
Dams, and their control structures, must be provided with good 
means of access so that if a potentially hazardous situation does 
develop the necessary personnel and equipment can be rapidly moved on 
to site. 0 
Hatchtown Darn, Utah was described as being "in a most inaccessible 
location"66, although even here when a rising stream coupled with 
spring floods, high winds and a spillway of an inadequate capacity 
caused overtopping, strenuous attempts were made to save the dam by 
opening culvert gates to their maximum height and by temporarily 
raising the crest. 
Adequate access must be provided to control equipment. When 
overtopping occurred at Middlefield Dam, it was impossible to gain 
access to gates and valves. 45,67. The approach bridge to the outlet 
tower had not been completed on the Panshet Dam68 when the monsoon 
arrived in 1961. There were no means for resetting the outlet gates 
during the flood, resulting in vibration, excessive settlement and 
eventual overtopping and failure. 
If access is good, then it is very likely that the dam is more 
likely to receive regular and adequate maintenance. 
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3.4.7 Mine Tailings/Chemical and Industrial Waste Lagoons 
Improvement of mining techniques and the increased demand for 
minerals and fuels has led to an increase in the ntunber and size of 
enbaniQnents storing industrial and mining waste slurries. Penman69 
quoted the production of mine tailings in the United States alone in 
1974 as being over 2x 109 t, and that this was expected to reach 
3 x109 tby1980. 
Mine tailings and industrial waste lagoons often present a very 
real potential hazard to the surrounding area due to the fact that 
material is not properly compacted, or placed as a hydraulic fill, 
and also the design may be crude in the extreme. Due to the requirements 
of operation, these embanlcnents often impound water as well as waste 
products and must have adjustable spillway facilities to cater for the 
rising mid levels. This latter fact alone, as Penman points out, 
resulted in an accident in 1974 in Brittany with a small 'experimental' 
dam retaining kaolin. 
In the past, it was common practice not to provide any type of 
spillway, but to rely on seepage through the material as part of the 
filtration process to provide flood relief. However, there is a 
tendency with time for the embankment to become progressively more 
impermeable. It is now common practice to use pipe spillways, usually 
installed to discharge directly onto the downstream face with the 
obvious associated problem of erosion. These spillways, frequently of 
inadequate capacity, are provided on an embankment which may have 
inadequate freeboard, and they have the additional disadvantage of 
being easily blocked. 
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An alternative is an 'open-cut' spillway which results in 
rapid erosion of the fill. 
An embankment in Texas, retaining gypsum waste, failed due to 
liquefaction in 1966, but perhaps more serious was the failure of a 
mine tailings dam in West Virginia in February 1972.70 Waste material 
had been deposited in a steep, narrow, natural valley. This created a 
natural depository for wash water as well as impounding the rum-off 
from the surrounding area. It created a reservoir of depth 15 metres 
and a surface area of approximately 7 ha. Heavy rainfall filled the 
reservoir to within 0.3 metres of the crest when it was decided to cut 
an emergency spillway. The emergency spillway rapidly eroded to a 
breach through the embankment releasing 682 t. c. m. of waste and water 
into the narrow valley below, where the high velocity of flow was 
maintained and the resulting flood caused the loss of 166 lives. 
Waste lagoons create an additional problem since failure of such 
a structure will release water which is usually of a highly acidic 
nature, and thus cause a long-standing problem of water quality in the 
surrounding area. 
In the UK, if a lagoon is not adjacent to a mine or quarry, then 
the Mines and Quarries Act does not apply, with the result that many of 
these structures are not subject to any legislation. 
It is the opinion of the Author that, although costly, these 
structures should be subject to the most stringent legislation and 
that more thought should be given to design and construction and to the 
provision of adequate spillway capacity. 
" 
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3.4.8 Awareness of Danger 
A remarkable lack of awareness of the possible dangers involved 
when water or waste liquids are impounded was exhibited at Gros Ventre 
Dam, USA in 1925 when a natural barrier was created when 40 million 
cubic metres of material slid from the hillside and damned the river. 71 
A reservoir with a capacity of 80 million cubic metres was created and 
seepage through the dam corresponded to the normal flow of the river. 
Engineers and local inhabitants believed that since most of the material 
in the slide would have been suitable for embankment construction the 
barrier was stable and that rapids would form down to the old streambed. 
However, in May 1927 heavy rains caused the barrier to be overtopped, 
with the result that the 56 metre high dam was breached and seven 
inhabitants of the town of Kelly, 5.6 kilometres downstream, killed. 
At Mission Creek Dam (Horton)72, engineers were advised of the 
settlement of a section of the crest, but no action was taken. In June 
1925 heavy rainfall caused overtopping at the low points on the crest, 
and volunteers narrowly averted a catastrophe by filling the rapidly 
forming breaches with trees and timbers weighted with sandbags. 
A similar story can be told about the Pinkston Dam in Missouri. 73 
Pinkston Dam first came to the attention of the authorities in June 1962 
when landslides on the sides of the dam and two active areas of water 
loss were noted. It was also calculated that the dam could not withstand 
a "50-year" flood. The dam was visited once a year and progressive 
deterioration of the earthen material in the base of the dam was noticed, 
as a result of continuous leakage. The leakage was so excessive that the 
dam would not fill. The dam failed in May 1968, and even though the 
deficiencies in the construction and maintenance of Pinkston Dam were 
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recognised as early as 1962 no action was taken to correct the faults. 
The cascade failure of the Akerman Farm reservoirsl were caused 
because the spillways of both dams were small ditches cut around the 
ends of the embankments with a capacity only slightly larger than 
that of the dry weather streambed flow. 
The spillway for Balsam Dani7 , New Hampshire was an 8 feet 
(2.4 metre) by 6 feet (1.8 metre) box culvert discharging onto the 
downstream slope. When the spillway discharged all support to the box 
was removed and the spillway dropped and broke up under its own weight. 
Elk City Darn, Oklahoma75 is said to have had its spillway 
capacity reduced by the city engineers in order to increase the 
storage capacity. Heavy rainfall in May 1936 caused the dam to be 
overtopped by 0.45 metres over the entire crest length of 615 metres 
removing a 50 metre section of the embankment. 
The failure of Pittston Dam, Pennsylvania76 in 1901 was the 
result of overpumping into a reservoir in which no outlet was 
provided. 
Kelley Barnes Dam77 collapsed in November 1977 killing 39 people. 
This tragedy occurred even though the dam had shown signs of 
instability for at least three years. 
3.4.9 -Sabotage and Vandalism 
Instances have been reported where the failure of a dam has 
been thought to have been caused by an act of sabotage. This was 
thought to have been the case at Camden Dam, New Jersey78. This earth 
embankment was filled by pupping from the Delaware River. Failure 
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occurred in October 1902 due to overtopping caused by excessive 
pumping at night, and it is thought that either the valve had been 
left open mischievously or the valve may have been left open 
deliberately. 
The Chaba Dam in Syria" was deliberately breached in 1947 by the 
local populace who disagreed with the scheme. 
Hyde79 reported a case of vandalism/sabotage at Coombs Dam, owned 
by the British Waterways Board, where the spindles were sawn off the 
valves so that the reservoir level could not be lowered. 
3.4.10 Enlargement/Embankment Raising 
Suitable sites for reservoirs are becoming increasingly difficult 
to find. As a result, many reservoirs are being enlarged by raising 
the embankment. When an embankment is raised, it must be ensured that 
the loading imposed by an addition to the structure and by the 
additional water loading can be withstood by the original structure 
and its foundation. 
This was obviously not the case with Anderson Dam, a masonry dam 
mich failed in December 1912.4900 A6 metre high masonry addition was 
made to the dam and secured by anchor bolting to the original structure. 
The dam was subsequently overtopped by 2 metres of water, with the 
result that the upper section of the dam, the new section, overturned. 
3.4.11 Control Structures 
Flashboards 
The use of flashboards has had a mixed history. Flashboard supports 
can catch cebris, which is always associated with any high run-off 
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during a storm, reducing spillway capacity and eventually blocking 
the spillway. 
This was the case with Dells No. 4 Dam, Wisconsin. 81 Flashboards 
were installed to a height of 1.5 metres on the 137 metre long spillway. 
During a flood in October 1911, the flashboard supports caught debris 
brought down by the flood. This obstructed the free discharge of water 
over the spillway and caused the bank to be overtopped. Similar 
failures occurred at Deanhead (1841)82, Harrington (1964)82, Pagara 
(1923). 34 Canyon Lake, America, with a capacity of only 9092 cubic 
metres, failed during a flood in June 1972 with the loss of 330 lives. 
The dam withstood the first wave of the flood, but debris blocked the 
spillway and the arrival of the second wave of the flood caused 
overtopping. 8 `+ 
The spillway of Hatfield Dam, Wisconsin was also blocked by debris 
caught by the flashboard supports, and such was the pressure on the 
piers of an access bridge over the spillway that the bridge was 
destroyed, which prevented access to the valves in the dam. The dam 
ultimately failed due to the release cE water from the breached Dells 
Dam situated upstream. 46 
3.4.12 Roller Gates 
At Panchet Dam on the River Ambi, India temporary chains were put 
on the fixed-axle roller gates for the construction period due to the 
late delivery of the gates. In 1961 a flood hit the dam which was 
passed through the spillway gates where, due to the temporary chains, 
vibrations were set up which caused settlement of the crest, and this, 
coupled with the incomplete and vulnerable state of the works, 
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permitted overtopping to occur. 85,86 Panchet Dam subsequently failed, 
the resulting flood washing out the Khadakwasla dam situated downstream. 
3.4.13 Power Supplies 
A flood occurred in August 1958 at the Kaddam Dam in Andra Predesh, 
India. The dam had just been completed, and although there was a power 
supply on site, the electricity driven equipment for the spillway gates 
could not be used and the gates had to be raised by hand. This proved 
to be too slow, and the 41 metre high darn was overtopped by half a 
metre of water and breached-17 
This emphasises that an adequate power supply and emergency supply 
rmst be provided for all power driven equipment and that it must be kept 
in a working state of repair in order that when and if required it can 
be put into imwdiate use. 
Any type of gate should be opened periodically in an attempt to 
ensure that the gate is always in working order. 
3.4.14 Icing of Gates 
Measures must be taken to prevent ice forming on gates to the 
extent that the gates cannot be opened. This may be achieved by the 
provision of heating elements or 'bubbling tubes', the latter 
circulating the water near the gate to prevent ice formation. 
The gates on the incomplete and abandoned Bulley Creek Dam, 
Oregon became blocked by ice, causing the water level to rise and 
failure to occur due to overtopping. It is interesting to note that 
this dam, which was built in 1916 and condemned in 1916, remained 
standing until its failure in 1925, and although built to store 2800 
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cubic metres above the outlet gate87, it had 1680 cubic metres 
remaining in the bottom of the reservoir as dead water which 
contributed to the flood and caused a flood wave 14 metres high. 
Generally it may be argued that from the point of view of safety, 
control by gates is very satisfactory since they permit rapid release 
of water from a reservoir after a flood in preparation for a possible 
second flood. Gates also permit manipulation of discharges to suit 
the downstream conditions. However, dams which have no gates are not 
subject to human or mechanical failure, and have the advantage of 
automatic operation. Siphon spillways have become popular since they 
have no moving parts, are designed to avoid cavitation and vibration 
and require very little maintenance, but unfortunately they are 
expensive, lack the 'fine' control of gates, have limited capacity, are 
easily blocked and usually require model tests. 
The use of gates assumes that the gates will function when 
required, that there is a flood forecasting system giving data 
necessary for gate operation, that the gate operators are present, 
and that they understand the significance of this data and know how to 
act on the received information. Due to infrequent operation of gates, 
complacency often exists, and it is often difficult to obtain competent, 
reliable staff. 
Gateless dams and the associated automatic operation are not 
subject to human error and discharge at the beginning of inflow into 
the reservoir (when the reservoir is full) and are free-flowing to a 
predetermined maximum. However, gateless operation usually necessitates 
a larger dam. 
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Small catchments which are often subject to flash floods and 
which may have adequate flood forecasting systems present difficulties 
in as much as the manipulation of the gates becomes very complex. In 
the case of a series of dams with a small catchment, the only method 
of determining the timing of the intricate manipulation of the gates is 
by using data available after the flood has passed. 
3.4.15 Maintenance 
Regular and thorough maintenance must be provided at all times. 
At times when this necessary maintenance has not been provided 
failures and accidents have resulted. 
Valves and Gates 
A broken valve on the outlet conduit of Lake Lidderdale Dam, 
Colorado resulted in the enbanlanent being overtopped since the 
discharge capacity of the 12 metre long spillway could not be 
supplemented by the discharge. of the outlet. 62 Although the capacity 
of the outlet works should never be relied on for flood discharge, in 
some cases use of the outlet conduit may avert failure. 
The failure of the Rot-in-Baden Dam, Wurttemberg, Germany in 1969 
was partly the result of a lack of maintenance-17 on application of 
force to the valve on the outlet conduit the valve jammed and the 
spindle broke. As a result the water level rose, the embankment was 
overtopped, and 500 t. c. m. of water was released. 
The 24 inch (0.6 metre) scour valve at Buckieburn Dam, 
Stirlingshire was found to be seized when an attempt was made to open 
it after a slide in the downstream face of the dam had occurred. It is 
thought that the valve had seized as a result of being kept partially 
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open for many years to provide compensation water, and although in 
this instance overtopping was not a danger, it is an example of the 
consequences of lack of maintenance. 88 
The capacity to rapidly lower the level or to empty a reservoir 
during a crisis can be extremely important. In some cases distress in 
a dam can be alleviated by reducing the elevation of the reservoir 
surface by perhaps as little as a metre. On such occasions it is clear 
that a properly functioning and adequate outlet facility is essential. 
A case where there was an emergency which required innediate 
drawdown of the reservoir was that of the Lluest Wen Dam near Maerdy, 
Glamorganshire. 89'91 This is a 20 metre high earth embanlonent dam with 
a puddled clay core, built just before 1900, impounding 1100 t. c. m. 
gathered from a catchment of 6 square kilometres and with a mean annual 
rainfall of 2.28 metres. Outlet facilities consisted of a 15 inch 
(0.4 metre) pipe which could discharge about 13 t. c. m. a day. During 
the emergency 75 millimetres Of rainfall fell within 24 hours over the 
catchment, representing an inflow into the reservoir of approximately 
450 t. c. m. Clearly the 15 inch main was quite inadequate for the 
purpose of lowering the reservoir. The decision was made to bring 
pumps onto the site. However, the layout and condition of the access 
road was a serious restriction, and a Royal Air Force helicopter was 
used to ferry some equipment to the site and proved especially useful 
to move pumps as the reservoir level dropped, and also for moving 
stores to less accessible parts of the reservoir. 
3.4.16 Settlement 
Another item which may be described as maintenance is restoration 
of those crest areas of a dam which have sustained progressive settlement. 
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Herrin Dam, Illinois was 0.6 m lower in the centre than the rest 
of the crest, as shown in Figure 3.5.91 
213 m 30 m 
Spillway 
Valley Profile 
(Not to Scale) 
FIGURE 3.5: Longitudinal Section of Herrin Darn 
Overtopping took place, with the consequent loss of the dam. 
Insufficient care with compaction can promote settlement, and since 
the first heavy smooth roller was developed in the 1860's and the 
first sheeps-foot roller in 1904, dams built before this time should 
be eyed with suspicion. 
Johnstown was another instance where the dam was up to one metre 
lower in the centre than at the ends. The failure in 1889 caused the 
loss of 2280 lives. 92,93,94 
Thorough and regular inspection should be part of any safety 
programme since especially in the case of privately owned dams 
settlement can go unnoticed, and it is common practice to find fish 
screens and even chainlink fences across spillways. 
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3.4.17 Empty/Abandoned Reservoirs 
Many, perhaps thousands, of small abandoned reservoirs exist in 
this country, particularly close to the industrial areas of the North. 
The dams, built to serve the woollen or mining industries, were built 
in the eighteenth and nineteenth centuries, and in many cases their 
ownership is obscure. There is, perhaps not unexpectedly, a reluctance 
for bodies or individuals to accept responsibility for the structure, 
and it will therefore fall on the enforcing agency, under the Reservoirs 
Act (1975) to ensure the necessary maintenance is provided, or to 
generally enforce the Act. 
Many of the dams which are privately owned are, more often than 
not, unlikely to receive maintenance unless they are subject to a 
Statutory Inspection, and even then they are unlikely to receive 
maintenance between inspections. 
An empty or abandoned reservoir can be potentially more hazardous 
than a structure that is in use. Unless provisions are made so that 
the structure cannot be filled it is possible that the reservoirs 
could refill in periods of heavy rainfall even if any remaining outlets 
are left open. A reservoir in such a state and with no supervision can 
be particularly hazardous. 
3.4.18 Cascade Failures 
A relatively small dam at the head of a watershed can be over- 
topped by a short duration, high intensity rainfall. If this structure 
fails it can trigger a cascade failure or 'domino' effect on dams 
downstream, and so even a well-designed lower dam with adequate spillway 
capacity for normal situations can fail in this way with serious 
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cumulative effects downstream. 
Examples of cascade failures and the number of dams involved are 
shown in Table 3.4. 
The Credit River Dam of the Erindale Power Company of Ontario, 
Canada failed when the rainfall had become so severe on April 6 1910 
that a small dam in the upper part of the catchment failed. 57 By the 
following morning this had so aggravated the flood conditions that 
other small dams lower down the river failed completely or in part, 
creating a flood which overtopped the dam of the Erindale Power Company. 
The possibility of such a situation had been anticipated, and attempts 
to save the dam by increasing its height with sandbags were made, but 
to no avail. 
If possible, allowance should be made in the design for the 
situation when an upstream dam fails, both in reservoir capacity and 
in discharge capacity at the spillway and outletworks. The provision 
of increased height and freeboard in a dam for flood storage is an 
economic method of reducing flood bypass costs so long as the reservoir 
area is large, and this may be especially useful where a possible 
cascade situation exists. There is, however, a great temptation on the 
operator's part to use this allowance for normal storage since this 
storage capacity may only be used once every 25 years. 
The discharge capacity of outlet facilities should be such that 
the water level of a reservoir may be lowered by, say, half its total 
depth comparatively quickly (of the order of, say, 28 days) and so 
avoid situations similar to the one at Lluest Wen already mentioned, 
but it is appreciated that in the case of an extremely large reservoir, 
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Name of 
Dam(s) 
No. in 
Cascade 
Year of 
Incident 
Name of 
Dam(s) 
No. in 
Cascade 
Year of 
Incident 
Akerman 2 Sherburne 2 1905 
Beaver Creek 2 1931 Telluride 2 1909 
Clinton 2 1938 Upper Shelton 2 1903 
Cocker Cobbs 2 1970 Yuba 2 1907 
Coedty 2 1925 Zerbino 2 1935 
Dells 2 1911 Gallinas 3 1957 
Desert 2 1930 Harlem 3 1893 
Escanaba 2 1930 Horse Creek 3 1935 
Fairmont 2 . 1822 Middlefield 3 1901 
Fishkill 2 1897 Bostwick Pond 4 1934 
Iron River 2 1923 Embsay ; boor 4 1908 
Log Falls 2 1923 Frackville 4 1901 
Lowercroft 2 1852 Citydam 5 1909 
Middle 2 1909 Kenwood 5 1975 
Norwich 2 1905 Alton 5-6 1889 
Panchet 2 1961 Erindale 16 1910 
Providence 2 1901 Hatchtown 16 194 
Randells Pond 2 1901 Swift 26 1964 
TABLE 3.4: Examples of Cascade Failures 
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the expense would be prohibitive. 
The facility of a large outlet capacity may aid, if sufficient 
time exists, in a cascade situation, in as much as it may be possible 
to reduce the level of the reservoir at a rate which approaches or 
equals the inflow. Obviously this sort of facility would have to be 
the subject of an economic analysis since an increase in reservoir 
levels while passing maxinum floods which are generally of low 
frequency raises the cost of the dam considerably. It is therefore 
advisable to compare the cost of providing mre flood storage capacity 
with other alternatives such as restricting the =in= level in the 
reservoir by providing extra discharge capacity through spillway or 
outlet sluices. 
Where a potential cascade situation exists the upstream dams 
should be inspected. Elimination from a hydrological analysis of those 
reservoirs whose size would not jeopardise the dams downstream would 
be automatic. Dams not eliminated in this process should be analysed 
hydrologically and their spillway adequacy checked. 
3.4.19 Canals 
Canals are not subject to the Reservoirs Act (1975) or to the 
Reservoirs (Safety Provisions) Act 1930. There are 3100 kilometres of 
canal in Britain, some of which is at a considerable elevation above 
houses, villages and towns. Hyde95 argued that breaches occur very 
infrequently, that the volumes of water involved are very small, and 
the velocity of flow would be small. The fact remains that accidents 
have occurred; Peak Forest Canal (1973)96 and the Leicestershire and 
Northampton Canal (1865)97 are examples. The latter failed during a 
7S 
storm in August 1865 when water overtopped the embankment causing a 
breach and releasing 200000 cubic metres of water since the distance 
between locks at the point of failure was 16 kilometres. 
It is suggested that a canal can present. a very real hazard, 
and that since access is often very limited to sections of canals any 
breach could be difficult to repair. The fact that the task of 
applying reservoir legislation or indeed any type of legislation to 
canals would be complex is not a valid reason for excluding canals 
from a safety prograr=. 
A Report released fiy the Department of the Environment in 
November 1977 confirmed that much of Britain's 3100 kilometres of canal are 
a threat to public safety due to inadequate repairs and maintenance. 
It is estimated that £60 million are needed to make the necessary 
repairs, £5 million of which is urgently needed to protect public 
safety. Approximately sixty per cent of the costs are required for 
repair and reconstruction of bank protections. 98 
3.4.20 Landslides 
Landslides have been known to cause overtopping, the most 
notorious instance being at Vaiont arch dam which was overtopped by a 
flood wave with a height in the order of 100 metres. 34 The left bank 
of the reservoir was known to be moving as early as 1960. When the 
reservoir level was slowly reduced the creep movements eventually 
ceased. In October 1963 the water level rose and the bank started to 
creep again with a velocity of less than 1 centimetre per day. Slow 
reduction of the reservoir level could not reduce the sliding velocity 
on this occasion, and the velocity increased to 20 centimetres per 
" 
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day on the day of the catastrophe. The creep changed to a slide with 
a velocity of 2500 centimetres per second, and 250 million cubic 
metres of material moved into the reservoir. 
Material which has slipped from the reservoir side can displace 
water, creating a situation equivalent to a huge storm inflow, and 
cause overtopping. Reservoir slopes should be regularly surveyed and 
examined. 
A landslip caused the failure of Fruitgrowers Dam in June 1937, in 
as much as material covered the outlet pipe. A man-made outlet was made 
in the crest at a point where the embankment was less than 2 metres 
high to alleviate the situation. Although the trench was only 1 metre. 
wide, the flow of water deepened and widened the channel so rapidly 
that the 41215600 cubic metres of water stored was released in nine 
hours. 99 
A mountain landslide which blocked the spillway and heavy rainfall 
combined to cause the failure of Ogaryarindo Tameike Dam, Japan in 
1944.100 
Landslides can also form a dam in themselves -a natural dam. 
This was the case on the River Bireh Ganga when a landslide in 
September 1893 completely filled the valley of the stream to a depth 
of 243 metres. Run-off from the catchment of 233 square kilometres 
was held behind the natural dam for nearly a year, forming a reservoir 
having a capacity of 60 million cubic metres. Breaching occurred due 
to overtopping and seepage on August 25 1894. Warnings had been given 
with the result that no lives were lost. 101 
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3.4.21 Slide/Failures 
Wave spray overtopping a dam or passing through gaps in a wave 
wall as well as water deposited by overtopping can initiate a slip or 
slide failure in the downstream shell of the dam which may lead 
progressively to the structural failure of the bank and overtopping or 
to the reservoir breaking through. Slips or erosion of the mitres have 
occurred at Auchendores102, Bilberryk3, Blithfield10 Ballochdowan47, 
Greenwood44, and Mill River. 39,45,46 
The mitres of Bilberry Reservoir were eroded when run-off from a 
severe storm was directed down the mitres. 
The design of a wave wall must consider where wave spray is 
directed when it hits the wall in order to prevent spray being 
directed upwards which would then be blown onto the downstream face. 
Wave spray should be deflected back towards the reservoir. 
At Auchendores Reservoir water was driven through spaces in the 
joints of the wave wall which then collected at the toe of the 
embankment and ran along the base of the embankment, apparently 
weakening the structure. The poor nature of the sub-soil on the down- 
stream side of the channel and to some extent the presence of an old 
Bund all seem to have contributed to the failure which occurred along 
the junction plane of the old and new banks. Spray passing through the 
gaps in the wave wall cut knife-like gaps in the turf for a distance of 
up to 5 metres, posing the question whether a less well manicured 
embankment might be more resistant to erosion caused by heavy, wind 
blown spray. 
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3.4.22 Damage caused in the Valley downstream of the Dam 
The damage caused downstream of a dam when failure occurs depends 
on whether the storage is released slowly, in what is sometimes termed 
"in a controlled manner", or whether the storage is released virtually 
instantaneously. 
An additional factor which affects the amount of damage caused is 
the configuration of the valley. A steep narrow valley results in the 
velocity of the flood wave being maintained, whereas a gently sloping 
valley or a wide valley results in the water spreading out over the 
valley floor with a consequent reduction in velocity and therefore in 
the destructive energy of the flood wave. 
The effect of valley shape is demonstrated when one looks at the 
failure of Bilberry (Holmfirth) Dam. The volume of water released from 
Bilberry reservoir (24 metres deep) was 390 t. c. m. The construction of 
the Bilberry Dam was such that the enbanlanent yielded and eroded 
relatively rapidly, discharging the whole of the reservoir's storage 
into a steep and narrow valley down which the water flowed with 
velocity. 
Johnstown Dam (South Fork) which failed in 1889 with the loss of 
over 2200 lives was not a large dam by today's standards, having a 
height of 22 metres, although it did have a capacity of 22370 t. c. m. 
Again, the reservoir failed comparatively quickly, releasing its 
contents over a period of about 45 minutes into a steep narrow valley 
where the destructive force of the water was maintained. 10" 
It is therefore clear that the manner in which the water is 
released, the configuration of the valley downstream of the dam and 
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the velocities maintained by the flood wave are important factors 
which can affect the amount of damage caused. 
The average velocity of flow experienced with some known failures 
are shown in Table 3.5. 
Obviously as the flood wave proceeds down the valley energy 
dissipates and the velocity decreases as the valley floor widens. This 
is demonstrated by the velocities observed in the valley below the 
Saint Francis dam which are shown in Table 3.6. 
3.4.23 Corewalls - Steel/Concrete 
The use of 'rigid' corewalls of concrete or of steel diaphragms 
is now relatively rare. 
A puddled core is likely to erode progressively, but this is not 
the case with a 'rigid' core. When overtopping does occur, the down- 
stream shell of the dam is usually removed exposing the core. If the 
core becomes exposed it may remain in position and intact, in which 
case it can be advantageous since some storage is retained. However, 
in more cases than not, since any core must be designed to accommodate 
any deformations that are likely to occur in the dam and therefore 
must not be totally rigid, the core fails catastrophically and releasing 
storage instantaneously rather than progressively. 
This was the case with Lower Otay Dam built in 1897 and which 
failed in January 1916. Water overtopping the dam removed the down- 
stream rockfill exposing the core. The diaphragm then tore and 'opened 
like gates' releasing the storage. "9 
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Dam/Flood 
Approx. Velocity of 
Flood Wave 
(km/hr) 
Height 
of Dam 
(m) 
Sepultrida 14 20 
St. Francis 16 S6 
Lower Otay 20 41 
Hell Hole 
_ 
23 61 
Dale Dyke 29 29 
South Fork 29 23 
TABLE 3.5: Observed Velocities of Flood Wave 
at Selected Failures 
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Distance from Dam 
(km) 
Velocity of Flood Wave 
(kph) 
15 20.6 
28 20.1 
48 19.8 
62 18.0 
74 11.9 
87 9.5 
TABLE 3.6: Observed Velocities of the Flood 
Wave from the St. Francis Dam 
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The core remained intact and in position when the 14 metre high 
Cowlyd Dam was overtopped on the night of 31 December/1 January 
1924/25. The downstream clay shoulder of the dam was removed, leaving 
the concrete core unsupported and acting as a cantilever but retaining 
the reservoir storage. The downstream shoulder was quickly backfilled, 
narrowly averting a disaster. 106 
3.4.24 Extreme Rainfall 
A study of data in Appendix B, 'Known Instances of Dams which 
have been Overtopped', seems to indicate that 1968, with 19 known 
instances of overtopping, was something of a 'freak' year. Of these 19 
known instances at least five occurred between the 14 and the 16 
September. 
Rainfall data-107 for that year reveals some interesting facts. 
The total rainfall over England and Wales for 1968, though marginally 
less than 1967, was substantially greater than average, and on this 
occasion for the fourth consecutive year. September 1968 was described 
as 'wet and cyclonic with heavy rain over most of the British Isles 
from the S till the 23rd'. The total rainfall over the period of the 
14 and the 1S of September was just over 200 millimetres. 
During the period 1863 to 1967 rainfalls exceeding 5 inches 
(125 millimetres) have only been recorded on 151 occasions of which 
73.5 per cent occurred in mountainous regions of the West and North 
(e. g. Dartmoor, S. W. England, N. Wales, Lake District and the Scottish 
Highlands) . 
Rainfall of these magnitudes during the early autumn have 
previously been limited to four known occasions, and it is interesting 
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to note that they occurred outside the areas listed above. These 
rainfalls are shown in Table 3.7. 
In general the Meteorological Office describes the periods 
1912-1924 and 1952-1968 as being 'wet' periods. 
3.5. General Considerations 
Analysis of data from a sample of 539 British dams is presented 
in Figure 3.6 and Figure 3., 6a. While it is thought that this sample is 
statistically suitable for the purpose of analysis, it is realised 
that the data did not include service reservoirs which would tend to 
move the curve in Figure 3.6 to a new position as shown, while 
inclusion of the many elderly small privately owned reservoirs, about 
mich very little is known, would tend to restore the curve tarards 
the original position. Precise calculation is virtually impossible due 
to the absence of records for many dams. 
The data displayed in Figures 3.6 and 3.6a indicates that the mean 
age of dams in Great Britain is between 80 and 90 years, the age 
distribution curve showing a decline in dam building, as one might 
expect, during the First and Second World Wars. 
Analysis of some 150 British dams, still in service, which have 
required modifications to their spillways to increase capacity, shows 
a large number of dams built in the latter half of the nineteenth 
century to be deficient by present day standards in spillway capacity 
as shown in Figure 3.7 and Figure 3.8. 
Figure 3.9 shows the number of incidents of overtopping that have 
occurred per decade as defined by Appendix A. The peak at 1900 is at a 
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Date Location Number of Known Instances of Overtopping 
25 August 1912 Norfolk 2 
26 September 1933 Fleet, Hampshire 3 
16 Septer. ber 1947 Wisley, Surrey 1 
5 October 1958 Knockholt, Kent 1 
TABLE 3.7: Rainfalls exceeding 125 millimetres (5 inches)_ 
for the Period 1863-1967'ui 
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time when large numbers of dams were being constructed and when dam 
construction was becoming more adventurous. However, the peak during 
the period 1960-1970 is thought to be due to improved reporting and 
surveillance techniques, although it may be argued that this may mark 
the end of the 'design life' of many of the dams built around the turn 
of the century. 
This trend is emphasised by the curve shown in Figure 3.10 showing 
a high overtopping incident rate for dams constructed around the turn 
of the century and for dams constructed during the 1960's, although 
once again it may be argued that the 1960 peak is a result of improved 
reporting techniques. 
The results of a study of the age of the dam at the time at which 
overtopping occurred is shown in Figure 3.11. It is interesting to note 
that the majority of incidents, some 38 per cent of cases studied, 
occurred either during construction or within the first year of service. 
The construction phase of any project is a particularly hazardous time 
when the works are in an incomplete and obviously insecure and 
vulnerable state, with only temporary flood by-pass works, which 
represent a compromise between safety and cost. Also displayed in 
Figure 3.11 are 'peaks' at fairly regular intervals which might be 
interpreted as the expiry of the flood return periods used in the 
design of the dams concerned. The corresponding graphs for the British 
'sub-sample' are shown in Figures 3.12,3.13,3.14 and 3.15. 
It has been suggested that many of the failures and incidents due 
to overtopping which occurred at the turn of the century were due to 
a desire to promote bolder schemes at a time when the necessary design 
. 
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criteria had not been established. Dams built at this time were 
usually quite massive structures having shallow slopes, large crest 
widths and very large base thicknesses. This may afford, by virtue of 
the immense quantities of material involved, some 'protection' against 
overtopping, and this is often the 'defence' offered by some supervisory 
authorities when questioned about the safety of dams. 
It is clear that this country has been rather fortunate, as 
experience in other countries shows what could happen. The good record 
must be attributed very largely to good fortune. 
An attempt to assign an index to dams in order that the potential 
hazard offered by any one dam could be established has been and is the 
subject of research. 
( 
3.6 Hazard Index and Safety 
Sarkaria108 advocated a hazard indexing system for dams. Since no 
two dams are alike and can differ in type, size, location, foundation, 
geology, design, construction method, maintenance programme and age, 
it follows that not all dams are equally safe. The degree of risk 
represented by a dam can change with age and circumstance, e. g. 
development downstream and in the surrounding area. It can be said 
that the safety of a dam is governed by natural factors, design and 
constructional factors and evolutionary factors. 
The system Sarkaria suggested was a classification of hazard 
potential based on the volume of the reservoir (V13, the height of the 
dam ("d), distance to any principal downstream population and property 
centres (L), the elevation drop between reservoir surface and the 
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population centre (D), a value index of endangered population and 
property (P), and a numerical index representing the inherent relative 
overall stability of the different types of dams (Td). 
Thus Sarkaria's Dam Hazard Potential Index (I%IPI) was expressed 
as : 
IHPI = f(Vrs Hd, 
p D2, P, Td) 
The last index, Td, makes a distinction between types of dam, and 
Sarkaria suggested that an arch dam represents one quarter of the 
hazard of a mine-tailings dam, one-third the hazard of a hydraulic fill 
dam, one half the hazard of a rockfill or rolled earthfill dam and two- 
thirds the hazard of a concrete gravity or buttress darn. Thus, this 
very empirical index Td can be expressed in the following relative 
terms: 
Arch dams 1.0 
Concrete gravity and buttress dams 1.5 
Rockfill and rolled earthfill dams 2.0 
Hydraulic fill dams 3.0 
Mine-tailings dams 4.0 
Sarkaria also suggested that other factors representing age of the 
dam, spillway and outlet capacity and reservoir situation might also be 
quantified and added to the expression for DBPI. Ease of access, shape 
of the downstream valley, both for maintenance and in times of 
emergency, type of control structure and upstream reservoirs which may 
lead to a cascade failure are not included, and it is the Author's 
opinion that these factors should be included in any such indexing 
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system. Related work is being carried out by Moffat-109 on a Reservoir 
Hazard Index classification, and these factors will be accounted for. 
It has been made clear that, in the Author's opinion, the 
arbitrarily set value of 22700 cubic metres used to define whether a 
dam is subject to any statutory safety legislation is far from 
satisfactory. The value of 25 t. c. m. stems from a rounding up of the 
5000000 gallon criteria used for the 1930 Act, which was adopted because 
the failure at Skelmorlie in 1925 involved a reservoir whose volume was 
5000000 gallons (22700 cubic metres). One may question what criteria 
would have been chosen if the failure in 1925 had involved a reservoir 
of 5000 cubic metre capacity. It would seem to be much more logical to 
use a Hazard Index rating, although it may be initially expensive to 
apply it to all dams. In this way even the so called'small' dams which 
threaten communities in remote areas of this country would be subject 
to supervision appropriate to the risk, and the approval of small 
remote dams which were not even potentially dangerous would be almost 
routine upon application, provided that there had been no change in 
circumstances since the previous application. In this way the Hazard 
Index rating is used to establish the relative importance with respect 
to safety of a structure. 
3.7 Warning Systems 
The flood released from a dam becomes dangerous when it exceeds 
the capacity of the river channel. The height of the possible flood 
wave can be estimated using Di Marchi's formula27, and the height to 
which a flood would rise in the event that the complete storage is 
released should be marked. It is interesting to note that slow-moving 
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water may not be particularly hazardous unless greater than one metre 
in depth after which it becomes difficult to stand. Markers at the 
flood level would enable the populace to ensure they are clear of the 
path of the flood wave at time of emergency. 
Inundation maps showing the areas inundated if a dam fails are 
sometimes prepared, but it must be appreciated that, if conunon knowledge, 
these measures may create a situation whereby people assume that the 
preparations indicate that the dam is at the point of failure. 
The use of a warning system has been advocated by rimy engineers, 
and is considered to be a necessary design feature, but care must be 
taken in the design and implementation of any warning system. The 
populace mist know what to do and where to go if the alarm is sounded. 
The installation of any warning system, as already stated, often creates 
a fear of dams just by virtue of its presence, but when it is considered 
that over 120000 people were evacuated from the area beneath the Oros 
Dam in Brazil before failure it can be a very useful safety feature, 
especially for dams for which the downstream area is densely populated. 
False alarms must be avoided since they would lead to a loss of faith 
in the system. Automatic alarms have also been suggested, but these 
are surely subject to natural disturbance, vandalism and therefore to 
false alarms. It is therefore considered that actuation of an alarm 
should be controlled by one responsible person in authority. 
3.8 Erosion Resistance 
The laboratory study reported in Chapter 5 and 6 and information 
reported in Appendices A and B also provided additional evidence to 
suggest that compacted clay fills may be considerably more resistant 
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to erosion by overtopping than is traditionally accepted to be the case. 
Considered in the context of the implications of the NERC Flood Studies 
Report (1975)21 and related documents, appreciable resistance to erosion 
under exceptional flood conditions could be significant in relation to 
many older embankment dams with spillways marginally inadequate by 
today's standards. 
It is appropriate at this stage to refer to such field data on 
erosion as is available from overtopping failures and incidents to 
earthfill embankments. Examples of failures where semi-qualitative 
observations have given some insight into the failure mechanism and 
rate of failure include: 
1. The South Fork Dam, Johnstown, Pennsylvania, some 23 metres high, 
failed on the 31st May 1889, causing the loss of some 2280 lives. 92 
The original specification stated that the dam should have a 
freeboard of 10 feet (3 metres). The dam was originally completed 
in 1839 to supply a canal. The dam ceased to be used for this 
purpose in 1857. The reservoir was subsequently used to supply 
a railway, ownership finally passed to a local hunting and fishing 
club who repaired a relatively minor breach caused by a flood 
which partially overtopped the dam during the winter of 1880. 
Unfortunately in repairing the breach, the fishing and hunting 
club "took out the five sluices in the dam, lowered the 
embankment 2 feet (0.6 metres) and subsequently partially 
obstructed the wasteway by gratings etc. to prevent the escape 
of fish. 
The original design had specified two spillways with a total 
channel width of more than 150 feet (46 metres) 'cut in the solid 
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rock'. As constructed, however, the single spillway channel was 
actually less than 70 feet (21 metres) in width. The earthfill 
upstream shoulder of the embankment was constructed on a rockfill 
downstream shoulder, the earthfill being prevented from being 
washed through the rockfill by "hay and brush". The embankment 
had an upstream slope of 2 to 1 and a downstream slope of 11 to 
1, both slopes being covered with rip-rap. 
An account of the failure by J. G. Parker92, a civil engineer 
working in the area at the time, tells of attempts to save the 
embankment as overtopping threatened: 
"Half of the men (8) were cutting a ditch through the shale 
rock at one end of the breast. This ditch was cut through the 
original ground and about 25 feet from the constructed portion of 
the breast. The shale was so tough that they could not cut it 
more than about 14 inches deep and about 2 feet wide, but when 
it was cut through to the lake the water rushed in and soon made 
it a swift stream, 25 feet wide and about 20 inches deep, but the 
rock was so hard that it could not cut it any larger than this. " 
The remaining men "had a plow at work throwing up a furrow, 
and thus raising a temporary barrier or breast to retard the 
water flowing over the dam, should it reach that height which it 
was gradually doing". "The water in the lake rose until it was 
just passing over the breast, notwithstanding that the lake had 
then two outlets (the waste weir and the one cut by the laborers). 
The breast was slightly lowered in the center and the water 
washed away our temporary embankment thrown up by the plow and 
shovels, and the water was passing over in many places in a 
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distance of 300 feet about the centre of the breast. " 
Parker reported; "The water was cutting the outer face of 
the dam, but not as badly as I feared it would, its greatest 
effect was on some portions of the roadway which crossed the 
breast where the roadway had been widened on the lower side 
by the addition of a shale earth or disintegrated shale, upon 
which the action of the water was instantaneous, but the heavy 
rip-rapping on the outer face of the dam protected this wash 
and the water cut little gullies between each of the large 
stones for rip-rap. " 
Parker considered cutting a spillway through the embankment 
at one end, but decided against this action as he realised that 
it would have meant the destruction of the dam, and he also 
hoped that the level of the reservoir would cease to rise. He 
later found that "the water on the breast had washed away several 
large stones on the outer face and had cut a hole about 10 feet 
wide on the outer face and about 4 feet deep, the water ruining 
into this hole cut away the breast in the form of a step both 
horizontally and vertically, and this action went on widening 
and deepening this hole until it was worn so near to the body 
of the water in the lake that the pressure of the water broke 
through, and then the water rushed through this trough, and cut 
its way rapidly into the dam at each side and the bottom; and 
this continued until the lake was drained. " Reports state that, 
on total breaching, the water level dropped some 18 m in a 
'matter of minutes'. 
Parker stresses that "the dam did not break, but was washed 
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by. the water passing over it from 11.30 o'clock a. m. until nearly 
3 p. m. until the dam was made so thin at one point that it could 
not withstand the pressure of the water behind it, and the water 
once rushing through this trough nothing could withstand it. " 
The storage, some 22 x 106 cubic metres of water, was 
released into a steep deep valley and the resulting flood causing 
great devastation and, partly through fires caused in Johnstown, 
the loss of some 2280 lives. 
2. The Oros Dan,, on the Jaguaribe River in Brazil, was under 
construction in 1960 when a flood breached the embankment, causing 
destruction of property, but fortunately with comparatively 
little loss of life because of large-scale evacuation of the 
population. 110 
Attempts were made to raise the embanicnent by placing 
uncompacted fill on top of the embankment at the rate of 1 metre 
rise per day. The continuous rainfall made the use aE heavy 
machinery practically impossible, and since the lake was rising 
at the rate of 1.3 metres per day it soon became obvious that 
the embankment would be overtopped. 
Evacuation of the populace had commenced, but attempts were 
continued to save the embankment. Metal sheets were dropped from 
aircraft with the object of protecting the surface from erosion. 
The embankment was eventually overtopped over its total 
length of 620 metres by approximately 0.8 metres of water. A 
breach formed and began to widen towards midday of March 26th 
1960, some 12 hours after water had started to flow over the 
embankment. The resulting breach was 150-200 metres wide and 
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released the storage of the reservoir, some 650 x 106 cubic 
metres, over a period of approximately 18 hours. 
3. Lake Malloya, New Mexico was overtopped in 1942 for a period of 
six hours but did not fail. 111 
4. De Afello112 has first-hand experience of a compacted clay 
embankment withstanding water flowing over it to a depth of up 
to one metre for several hours without failure. 
S. The failure of the Euclides da Cunha and Armando de Salles 
Oliveira dams, two of the three dam on the Pardo River used by 
the Centrais Eletricas de Sao Paulo (C. E. S. P. ) for hydro-electric 
power generation, occurred on the 20th January 1977.113 An 
exceptional rainfall of nearly 230 millimetres in 24 hours caused 
the failure of Euclides da Cunha dam, the failure of the latter 
causing the cascade failure of the Armando de Salles Oliveira 
dam downstream. 
Work on the Armando de Salles Oliveira began in 1953, and 
the project was commissioned in September 1958. The 32 metre 
high earthfill embankment was under construction when a flood 
ruptured the upstream cofferdam and overtopped the embankment in 
September 1957, washing out 15000 cubic metres of earthfill. 
The Armando scheme consisted of a homogeneous earthfill 
embanlanent with inclined and horizontal drainage filters through 
which passed the river diversion tunnel, ultimately used as an 
emergency outlet, a water-intake structure, a powerhouse, and 
finally a spillway, structure with two taintor gates catering for 
a maxinun discharge of 1800 cubic metres per second. In addition, 
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the 660 metre long crest carried a service road. 
The Euclides da Cunha dam was commissioned in 1960 for a 
maximum flow of 2040 cubic metres per second through two taintor 
gates, a diversion and outlet tunnel on the left abutment with 
a discharge capacity of 300 cubic metres per second and a river 
intake structure connected to an underground power structure. 
The dam is a homogeneous earthfill embankment 63 metres high 
with a curved axis, and a crest length of 312 metres. The rip- 
rapped upstream slope was 1: 3.3 while the grassed downstream 
slope was, from toe to crest, 1: 3.5,1: 2.8,1: 2.1. and 1: 2.3 
between berms. 
Both projects failed by overtopping as reported by the 
operating personnel at the sites. Overtopping commenced at the 
Euclides da Cunha dam at 8.00 p. m. on the 19th January and 
continued until a breach started to form at 3.30 a. m. on the 
20th January, some seven and a half hours later. 
The flood wave released from Euclides da Cunha dam reached 
the Armando de Salles Oliveira dam 15-30 minutes later, overtopping 
the embankment and resulting in a breach and total failure. 
Hydrologists estimated at the time the inflow to Euclides 
da Cunha as being 2400 cubic metres per second, i. e. the flood 
was very close to the spillway capacity of the Euclides da Cunha 
dam. 
Evidence existed to show that Euclides da Cunha dam had been 
overtopped by at least 1.26 metres of water. The overtopping water 
eroded the downstream slope "quite severely". The erosion eroded 
the filter zone material 3-5 metres deeper than the surrounding 
107 
impervious clay. Aerial views of the breached embankment are 
shown in Plate 3.1 and Plate 3.2 while Plates 3.3 and 3.4 show 
the effects of erosion in greater detail. 
High water marks at the Armando de Salles Oliveira dam 
indicate that the dam was overtopped by at least 1.3 metres. 
Failure occurred through breaching at a low saddle in the 
reservoir rim, about 200 metres from the end of the dam embankment, 
and at the right end of the embankment, although all the downstream 
slope was eroded before the breach formed, as shown by Plates 3.5 
and 3.6. 
Centrais Electricas de Sao Paulo stated at the time that "as 
a result of the January storm, plans for the revision of the 
assessment of the maxinaun flood likely at other impounding 
schemes are being developed by C. E. S. P., as well as the revising 
of reservoir operation rules and standing instructions to personnel 
at all dams. " 
Preliminary estimates indicated that reconstruction of 
Euclides da Cunha and Armando de Salles Oliveira projects will 
cost nearly U. S. $25 million. 
The main features of the schemes are shown in Table 3.8. 
3.8 Flow through and over Rockfill 
The Author does not intend to review in detail the related 
research carried out on the problem of flow through and over rockfill. 
It is sufficient to say at this point that floods have been successfully 
passed over rockfill dams when the downstream face has been protected 
by a welded mesh of reinforcing bars anchored into the rockfi11.114'115'116,117, 
0 
118911991201121. 
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PLATE 3.2: Euclides da Cunha Project - Aerial View taken from 
downstream Courtesy of the Centrais Electrical e 
Sao Paulo - C. E. S. P. ) 
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PLATE 3.3: Euclides da Cunha Project - Detail of the Erosion on the 
Downstream Slope (Courtesy of the Centrais Electricas De 
Sao Paulo - C. E. S. P. ) 
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PLATE 3.4: Euclides da Cunha Project - Erosion caused 
on the Downstream Slope (Courtesy of the G 
Electricas De Sao Paulo - C. E. S. P. ) 
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PLATE 3.5: Armando de Salles Oliveira Project - Aerial View 
(Courtesy of the Centrais Electricas De Sao Paulo - 
C. E. S. P. ) 
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- Erosion caused 
t (Courtesy of t 
t. E. S. P. ) 
Armando de Salles 
Oliveira Scheme 
Euclides da Cunha 
Scheme 
Pardo River 
Yearly Average Flow (m3/s) 83.9 83.9 
Catchment (km2) 4053 - 4050 
Overall Storage (m3) 25.4 x 106 13.4 x 106 Capacity 
Useful Storage Capacity (m3) 16.7 x 106 5.0 x 106 
Crest Length (m) 660 312 
Height (m) 63 32 
Slopes - upstream 1: 2.5 1: 3.3 
downstream 1: 2 1: 2.1 
downstream (at toe) 1: 1.5 
Type s Homogeneous with Homogeneous with 
inclined and vertical inclined and vertical 
sand filters sand filters 
L. L. 10-80 22-75 
P. L. 25-45 22-40 
Optimum Moisture Content 18% 11-28% 
Max. Dry Density (t/m3) 1.19-1.71 1.47-1.91 
Average Cohesion (kg/cm2) 0.6 N. A. 
Average Angle of 150 N. A. Internal Friction 
Natural Moisture Content 15-28% 
Freeboard (m) 2.5 2.5 
Spillway Capacity (m3/s) 1800 2040 
Gates 2 Taintor 2 Taintor 
TABLE 3.8: Main Features of the Armando de Salles Oliveira and Euclides da 
aSchemes 
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This technique is not relevant to earth fill dams unless the downstream 
slope is covered with rip-rap. 
3.9 Conclusions 
It is apparent that much can be learned from a study of the 
failures of earth embankment dams which is relevant to design, 
maintenance and safe operation. Weaknesses in safety legislation may 
also be highlighted which may, in the long term, result in improved 
standards of reservoir safety. 
The study of embankment failures has also provided additional 
evidence to suggest that compacted clay fills may be considerably 
more resistant to overtopping than is generally assumed in design. 
The following chapter will review work that has been carried out in 
connection with the erosion of clay soils while later chapters will 
describe the experimental and theoretical work of the Author. The 
latter work attempts to derive qualitative information on the 
mechanism of overtopping erosion and relationships between rate of 
erosion and key engineering parameters, including the physico-chemical 
nature of the clay, slope geometry, velocity of flow and other 
related factors. 
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SECTION II 
CHAPTER FOUR 
EROSICN OF CLAYS -A LITERATURE REVIEW 
4.1 Introduction 
It has long been observed in the field that some soils are very 
susceptible to erosion while other soils, occurring under similar 
conditions of climate, topography and supporting similar vegetation, 
are much more resistant to erosion. The problem of erosion and 
transportation of material, mainly cohesionless coarse material, has 
been studied by many investigators. The present chapter reviews the 
research carried out by those investigators who have studied the 
erosion of cohesive soils. 
4.2 Erosion of Cohesive Soils 
0 
Rich of the research carried out in recent years has been with 
particular reference to the stability of umlind open channels, 
maintenance of minimum depths in estuaries and the life of reservoirs, 
and many empirical and semi-empirical relationships have been derived 
for coarse cohesionless material. The design methods are largely based 
on the equilibrium of forces acting on individual grains. 
None of the relationships are valid for cohesive soils and, in 
fact, for cohesive soils very little published information exists 
0 
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although in recent years some laboratory studies on erosion and 
deposition have been made in many instances; however, the results are 
far from conclusive and results from the different investigators are 
often conflicting. The principal difficulty lies in the fact that some 
of the resisting forces in cohesive soils are of an entirely different 
nature to those for cohesionless material, and furthermore they are not 
constant. 
Since the basis of the resisting forces in cohesive material is 
mainly electrochemical in nature, it is felt that a brief summary of 
the nature of these forces and of the fundamental physico-chemical and 
mechanical properties of clays should be presented. Only those 
properties which seem to be related to erosion of cohesive materials 
are summarised. Such relevant properties essentially include the 
interparticle attractive and repulsive forces, the components of shear 
strength and the mechanism of flocculation. 
4.3 Properties of Cohesive Material 
Clay particles are of colloid size, having large ratios of surface 
area to volume and are generally plate-like in shape. The specific 
surface for some comnon clay minerals and a sand for comparison. are 
tabulated in Table 4.1. 
Clearly, mineral composition is a factor which will affect the 
engineering behaviour of clay. 
From the engineering standpoint, a cohesive soil is a soil 
containing a sufficient proportion of fines and colloids to make it 
plastic within a certain range of water content, and to be able to 
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Clay Mineral Specific Surface (m2/g) 
Montnx rillonite 200-600 
Illite 50-100 
Kaolinite 5-20 
Sand-fine 2x 1Ö-2 
TABLE 4.1: Values of Specific Surface for Some 
Common Clay Minerals 
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resist a certain finite magnitude of shear-stress without confinement 
within a further range of water content. This last property is 
commonly known as cohesion. 
The colloids are responsible for the plastic and cohesive 
properties of clays, i. e. particles whose specific surface (area per 
tacit weight) is so high that their behaviour is controlled by surface 
rather than gravity forces. 122, i23,124 
4.3.1 Comm= Clay Minerals 
Clay particles are composed essentially of one or more clay 
minerals. Chemically the clay minerals are silicates of aluminium and/ 
or iron and magnesium. There are two fundamental building units for 
clay structures. One is a silica tetrahedral unit composed of four 
hydrogen or hydroxyls having the configuration of a tetrahedron 
enclosing a silicon atom. The second unit is an octahedral unit of an 
aluminium, iron or magnesium atom enclosed in six hydroxyls having the 
configuration of an octahedron. The mineralogical origin of a clay 
will specify the relative degree of activity, i. e. whether the clay is 
a two- or three-layer clay and whether the clay lattice is expandable. 
The most common clays are two- or three-layer clays. These are bonded 
units of silica tetrahedra, T, and alumina octahedra, 0, sheets as 
shown in Figure 4.1. 
The most inert clay is the two-layer, OT, bonded by hydrogen 
bonds with strong attraction between the 0 and T layers and with little 
isomorphous substitution within the lattice structure. These minerals 
are called kaolinite. 125 
120 
FIGURE 4.1: Sheet Silicate Minerals 
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There is substantially no substitution of cation for cation 
within the kaolinite structure, so that the mineral has the fixed 
formula Al 2 Si 2 05 (Ct04, and the mineral is relatively inert. It 
shows little or no ability to absorb water within the lattice 
absorption which might cause swelling. The thickness of the unit is 
about 7 ä, and kaolinite particles are often one to ten microns in 
diameter. 
Three-layer systems, TOT, exhibit extensive surface activity due 
to large-scale isomorphous substitution, resulting in weak bonding 
between the layers, which permits entry of water and hence large 
volume changes. An example of this type of system is the mineral 
nnntmorillonite. 
Nbntmorillonite 
The mineral is composed of two silica tetrahedral and one 
octahedral sheet. The thickness of the sheet is about 9.5 R, but the 
dimensions in the other two directions are indefinite. The sheets 
are stacked one above the other like the leaves of a book with the 
oxygen layers facing each other. There is therefore very little 
bonding between successive sheets and water may enter causing the 
mineral to swell. 
The octahedral elements may be aluminium, iron or magnesium, or 
a combination of these elements. The mineral is electrochemically 
unstable and as a result replacements occur within the structure, 
always producing a net positive charge deficiency. This deficiency is 
balanced by adsorbed cations which are leid on the outside of the 
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sheets, and which in general are readily exchangeable. It is therefore 
very difficult to write a general chemical formula for the 
montmorillonite minerals. Montmorillonite is the most active clay 
mineral. 
Illite 
The structure of illite is similar to that of montmorillonite 
but with a greatly reduced likelihood of swelling. This is due to 
the replacement of silicon ions by aluminium ions in the tetrahedral 
layers and potassium ions between the layers serving to balance the 
charges resulting from the replacement and tie the sheet units together. 
4.3.2 Isomorphous Substitution 
Isomorphous substitution of lower valence ions for higher valence 
ions results in charge deficiencies at the surface of the clay 
particle resulting in a net negative charge at the surface. The 
magnitude of the charge depends on degree and type of ionic 
substitution. Particles of colloidal size with highly charged surfaces 
respond to the laws of electrical attraction and repulsion to an equal 
or greater degree than they do to ordinary Coulombic attraction 
between layers. The greater the percentage by weight of clay in a 
given soil is, the greater will be the overall effect of the surface 
behaviour. 
4.3.3 Plasticity Index and Activity 
An index commnly used to classify a clay soil is the Plasticity 
Index (P. I. ) and is defined as the difference between the Liquid 
Limit (L. L. ) and the Plastic Limit (P. L. ) of the soil. The Liquid Limit 
may be defined as the rmisture content at which the soil stops acting 
123 
as a liquid and starts to act as a plastic solid, while the Plastic 
Limit may be defined as the moisture content at which a soil will 
exhibit no permanent deformation under shearing stresses but simply 
fractures with no plastic deformation, i. e. it acts as a brittle solid. 
Figure 4.2 illustrates the relationships between the consistency 
limits. 
1 I 
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FIGURE 4.2: Consistency Limits 
The Liquid Limit of the soil mainly depends on three factors: 126 
1. The amount and nature of the clay minerals; 
2. The degree of electro-chemical saturation; 
3. The polarizability of the absorbed ions. 
As the plastic properties of a soil increase, the soil will deform 
0 
rather than fracture under shear stresses. The increase in the ability 
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of a soil to absorb stress through deformation at specific values of 
shear stress without brittle failure is due to (a) an increase in the 
percentage of clay mineral (by weight) of the total soil fraction, 
and (b) the variance in the type of clay mineral. Both factors indicate 
that the strength of a soil becomes less dependent on the structure of 
the interparticle contacts and more dependent on the intercolloidal 
force structure, as a function of such factors as surface charge 
density, arrangement of particles and electrolyte concentration. 
The term 'activity' serves as an aid to classifying soil types 
and gives more understanding to the significance of the concept of 
plasticity index: 
Activity = 
(change in) Plasticity Index 
27 change in) percentage by weight of clay raction 
Seed et a16 found this to be a 'reasonably reliable index of swelling 
co-efficient', and 'activity will accurately classify the soils with 
regard to their Liquid Limit'versus clay content relationships, or 
with regard to their swelling potential regardless of the clay mineral 
composition of the clay fraction'. 
4.3.4 Aggregation and Dispersion of Soil Particles 
4.3.4.1 Electrical Forces 
The electrical forces acting between atoms fall into three 
categories: primary valence bonds, hydrogen bonds and secondary 
valence bonds. 
Primary valence bonds, which are the strongest, hold atoms 
together in the basic mineral units. The three most important bonds 
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are the ionic, covalent and the heterpolar bonds. 
The hydrogen bond is responsible for the linkage between water 
molecules but is considerably weaker than primary valence bonds. It 
operates not only in water but is the main linkage between the basic 
units of kaolinite and other clay minerals. 
Unlike primary valence bonds secondary valence forces are 
effective over relatively large distances. The secondary valence forces, 
also known as Van der Waals forces, arise from electrical moments 
existing within the units. The net effect of secondary valence forces 
is attractive. 
Because of the non-symmetrical distribution of electrons in the 
silicate crystals (arising from the heterpolar bonds), these crystals 
act as a large number of dipoles. They can attract other dipoles, the 
most important being water molecules, the non-symmetrical 
configuration of which renders them dipolar. 
The secondary valence forces are important since they contribute 
to clay strength and cause soils to hold water. 
Another important primary valence linkage is the electrostatic 
attraction or repulsion of electrically charged units of matter. The 
negatively charged soil particle attracts cations; cations and anions 
attract each other; cations repel each other; and anions repel each 
other. These electrostatic forces are similar to primary valence bonds 
in that they involve units with net electrical charges. 
In summary, the internal electrochemical forces that can act 
within the clay structure include: 
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(a) Attractive Forces: The most important ones are: 
(i) Van der Waals-London forces, or secondary valence forces: 
They are electrochemical-attractive forces and act between 
all units of matter. They result from the mutual influence 
of electronic motion between the atoms which generate 
electric moments within the units. The magnitude of Van der 
Waals forces depends on the mutural distance between the 
mineral particles and on adsorbed cations. 
(ii) Hydrogen bond: It occurs when an atom of hydrogen is rather 
strongly attracted by two other atoms. 
(Ui) Cation bonds: Exerted by cations attracting and trying to 
neutralise negatively charged particles. 
Cations 
O+ O+ +O +O OO + 
Clay Particles 
FIGURE 4.3; Cation Bond 
(iv) Electrostatic attractions between negatively charged particle 
surfaces and positively charged edges. 
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(v) Chemical cementation between particles by various compounds. 
(vi) Dipole-cation-dipole arrangement. 
Cation 
OODO C-ý'ý 
(D4O-*"ý 
Water dipole 
Clay particle 
FIGURE 4.4: Dipole-Cation-Dipole Arrangement 
(vii) Water dipole linkage. 
O O O0 
Water dipole 
O O 
FIGURE 4.5: Water Dipole Linkage 
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(b) Repulsive forces: They include: 
(i) Particle charges which being all negative repel each other. 
(ii) Cation repulsion. 
4.3.5 Interparticle Forces in Clay Soils and Clay Structures 
A cohesive soil is distinctively a soil in which the behaviour 
of the clay particles is controlled by the influence of surface 
rather than gravitational forces, electrochemical inter-particle 
forces controlling the general behaviour of a clay. There are several 
types of such forces, both attractive and repulsive, all of which 
contribute to some extent to the inter-particle bonds. 
The individual clay particles possess an electro-negativity 
resulting from isomorphic substitution of positively charged ions of 
lower valence within the lattice and from the structure of the 
minerals which concentrates negative oxygen and hydroxyl ions on the 
particle surface, and it has'also been shown that the edges of the 
clay particles carry positive charges due to adsorption of protons. 128 
In a dry clay, cations are lightly held by the negatively charged 
clay surfaces. Cations in excess of those needed to neutralise the 
electro-negativity of the clay particles and their associated anions 
are present as salt precipitates. When water becomes available to the 
soil structure the precipitated salts go into solution. Because the 
adsorbed cations are present in much higher concentrations near the 
surface of particles, there is a tendency for them to diffuse away in 
order to equalise concentrations throughout. Their freedom to do so is, 
however, restricted by the negative electric field originating on the 
particle surface. The tendency to diffuse and the opposing electrostatic 
. 
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attraction lead to a cation distribution adjacent to a clay particle 
in suspension. 
The negative surface and the distributed charge in the adjacent 
phase are termed together the diffuse double layer. Several theories 
have been proposed for the description of ion distributions adjacent 
to charged surfaces in colloids and are shown schematically in 
Figure 4.6. 
The Guoy Chapman theory of the diffuse double layer has received 
the greatest attention, and it has been applied to studies of the 
behaviour of clays. 
4.3.6 Factors Influencing the Behaviour of the Double Layer System 
Among the variables in a soil water system which can affect the 
colloidal stability are: 
1. Electrolyte concentration 
2. Ion valence 
3. Dielectric constant 
4. Tenperature 
5. Size of hydrated ion 
6. pH 
7. Anion adsorption 
Equations developed by Bolt129 indicate that, if the potential 
energy of a clay system is reduced when adjacent particles approach 
each other, they will so approach and "flocculate", i. e. form 
aggregates. If the energy of the system increases when the particles 
approach each other, they will move apart or 'disperse'. 
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FIGURE 4.6: Diffuse Double Layer Theories 
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The Guoy-Chapman theory indicates that, in general terms, a 
tendency towards flocculation is usually caused by: 
Increasing: electrolyte concentration 
ion valence 
temperature 
Decreasing: dielectric constant 
size of hydrated ion 
pH 
anion adsorption 
Obviously the variables which cause a decrease in the double layer 
thickness and reduce the electrical repulsion promote a tendency to 
flocculate. The effects of changes in system properties on the diffuse 
double layer are shown in Figure 4.7. It is clear that the smaller an ion 
plus its 'shell' of hydration water, the closer it can approach the 
colloidal surface; thus the smaller the hydrated ion, the smaller the 
double layer and the more likely flocculation. 
The pH of the pore fluid affects the negative charge on a soil 
particle by altering the extent of dissociation of CH groups on the 
edges of the particle. High pH encourages the dissociation and increases 
the net charge, thus expanding the double layer and tending to cause 
dispersion; low pH does the reverse, and tends to cause flocculation. 
Adsorption of anions increases the charge on the particles and 
hence tends to cause dispersion. 
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4.4 Non-Salt Flocculation 
The Gouy-Chapman theory assumes that the colloid charge is spread 
uniformly over the entire colloid surface. This implies that the edges 
of the clay particles, which may be described as platelets, carry the 
same charge as the flat faces. Several researchers130,131 have shown 
that the edges of clay particles can be oppostively charged from the 
faces. 
Two types of flocculation exist, salt type with an orientation 
approaching parallelism, and non-salt, with orientation tending to a 
perpendicular array. The appropriate sediment structures are shown in 
Figure 4.8. 
Adding a small amount of electrolyte to kaolinite, for instance, 
will result in dispersion; further salt results in salt flocculation 
as shown in Figure 4.9. 
4.5 Nature of Water in Clay 
The influence of water on the behaviour of clay is very marked 
The water phase of a clay mass can be arbitrarily divided. into three 
zones: 132 
(i) Adsorbed water held very strongly by the clay particles; 
(ii) Water with a high ion concentration held mostly by the 
cation positive charge called "double layer water"; 
(iii) Free pore water subject to the laws of hydrodynamics. 
The adsorbed water is that which is strongly held by the soil; the 
double layer water is all the water attracted to the soil; and free 
water. is water which is not subject to force fields and therefore not 
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held to the soil at all. Adsorbed water is, therefore, the innermost 
part of the double layer water. While this classification of water is 
accepted by some, many others use 'adsorbed' to describe all of the 
double layer water. The nature of the adsorbed water continues to be 
a very controversial subject. 
4.6 Compaction 
The effects of compaction on structures is shown in Figure 4.10. 
At A there is not sufficient water for the diffuse double layers of 
the soil colloids to fully develop. The small amount of water present 
at A gives a very high concentration of electrolyte which depresses the 
double layer. The low density and random particle orientation associated 
with the double layer depression is shown in Figure 4.10. 
Increasing the moisture content from WA to WB expands the double 
layer around the soil particles and also reduces the electrolyte 
concentration. The reduced degree of flocculation permits an 
arrangement approaching parallelism, and thus a higher density. A 
further increase from WB to W. results in a further expansion of the 
double layer and a continued reduction in the net attractive force 
between particles. At this stage, however, even though a more orderly 
arrangement of particles exists than at the WB stage, the density at 
C is lower because the added water has diluted the concentration of 
soil particles per unit voles. 
Figure 4.10 also illustrates the change in soil structure due to 
changes in compactive effort. The greater the input of work, the more 
nearly parallel are the clay particles and, usually, the closer 
together they are. At high moulding moisture contents increased 
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Salt Concentration 
compactive effort may merely align particles without significantly 
altering the particle spacing. 
4.7 Shear Strength of Compacted Clay 
4.7.1 Forces between Particles 
For two adjacent colloidal particles there exists a force system 
of four horizontal forces between the colloids; these are: 
1. cr = the externally applied intergranular stress 
2. A= the electrical attraction 
3. R= the electrical repulsion 
4. I= the contact pressure. 
The attractive potential is basically the Van der Waal forces and 
is dependent on the volume of the attracting mass, its geometry and 
the distance of separation of the clay plates and compared to the 
repulsive forces can be assumed constant. The net force acting between 
the particles is thus more strongly dependent on the relative 
magnitude of the repulsive force (R), since a is the effective stress 
and is derived from some source other than electrical stresses 
originating within the particle and the contact pressure, I, can arise 
between mineral surfaces or between molecules of tightly held water 
and is electrical in nature. 
It can be said that: 
(R - A) <0- net attractive force - tendency to flocculate 
(R - A) >0- net repulsive force - tendency to disperse 
(R - A) -0- equilibrium position. 
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The shear strength of a clay is completely determined by the 
electrical forces acting between the particles, i. e. A, R and I. The 
electrical forces are thus the primary cause of strength; the four 
factors particle spacing, particle orientation, externally applied 
stresses and characteristics of soil water system, which determine the 
electrical forces, are secondary contributors to 'shear strength'. 
4.7.2 General Strength Equation 
$=C+atmi0 
The above equation represents the Coulomb relationship where S 
is the shear strength, c is cohesion, 4 is the angle of internal 
friction and 3 is the pressure normal to the failure plane. 
4.7.3 The Components of Shear Strength 
The shear strength of clay is essentially composed of two 
components: 
1. Physical or dilatent components due to frictional resistance and 
interlocking between particles. They are proportional to the 
effective normal stress on the shear plane and can be divided 
into: 132 
(a) Macro-dilatent components caused by the lifting of one 
mineral on the other; 
(b) Micro-dilatent components caused by lifting of one 
clay mineral over the roughness of the other; 
(c) Non-dilatent components due to mass forces between the 
atoms in the one mineral and the atoms of the other; and 
0 
139 
2. Physico-chemical components due to the interparticle attractive 
and repulsive forces whose net effect is defined as 'true 
cohesion'. The fact that true cohesion is a purely physico- 
chemical and mineralogical property of soil was demonstrated 
by Skempton133 who found the ratio of true cohesion, ce to a 
tan ¢d, where ýd is the angle of drained shear resistance 
increases in direct proportion with the activity. 
Cohesion can therefore be defined as the part of the soil strength 
that is present independently of any applied pressure, either mechanical 
or capillary, and which would remain, though not necessarily 
permanently, if all applied pressure were removed. It is due to a 
bonding of particles within the soil mass by physico-chemical 
mechanisms of an interatomic, intermolecular or interparticle nature. 134 
4.8 Thixotropy of Clays 
Thixotropy of clay may be defined as an increase of the strength 
of clays occurring following disturbance or remoulding. It arises from 
the re-arrangement of clay particles due to internal energy and 
internal stresses resulting from the removal of an external stress 
which caused remoulding. 135 
4.9 Erosion Studies 
In the past accumulated field data has been the basis for the 
design of channels. In recent years, investigators have produced a 
considerable amount of information on scouring and the rate of 
transportation of sediment for sandy soils. The data relates mainly to 
the grain size distribution of sandy materials. There was an obvious 
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need to extend research into the range of cohesive soils. The 
parameters, many of which have been postulated by researchers to have 
effect on erosion, are given in Table 4.2. 
Work done on the design of stable channels has been carried out 
using one of the following design methods: 
1. Maximum permissible velocity 
2. Tractive force theory 
3. Regime theory. 
The first major attempt to formulate a regime theory was made by 
Kennedy136 at the end of the last century. The original formula was: 
ß Vc = ayo 
where Vc is the critical velocity for stability 
yo is the depth of flow 
a, ß are empirical coefficients dependent on channel 
geometry, soil composition and general environment. 
Cohesionless material obtains its main resistance to erosion from 
the submerged weight of the particles whereas the resistance to 
erosion for a cohesive soil is due to net attractive interparticle 
surface and electrochemical forces, the latter not remaining constant 
but a function of the fluid quality and also of time. 
Early research was conducted on the erosion resistance of channels, 
and in the nineteenth century the first set of 'critical values' at 
which erosion would commence were published by Du Buat137, e. g. 
"scouring velocity-Potters' clay 0.3 ft/sec", and this research was 
later extended to more soils. 
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Characteristic Parameter 
Physical Soil Type (clay mineral) 
Percentage of Clay 
L. L. and P. L. and Activity 
Specific Gravity 
Physico-chemical Base Exchange Capacity 
Sodiwn Adsorption Ratio 
Pore Fluid Quality 
Pore Fluid Environment 
Mechanical Properties Shear Strength 
Cohesion 
Thixotropy 
Swelling and Shrinkage Properties 
Conditions of Environment Weathering (wet-dry) 
Freeze and Thaw 
Prestress History 
TABLE 4.2: Soil Properties used in Evaluating Erosion 
of Cohesive Beds by Some Researchers 
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In 1916 Etcheverrey138 published a set of critical velocities 
ranging from 0.8 m/s to 0.9 m/s (2.75-3.0 ft/sec) for loams, and 
corresponding velocities of 1.2 m/s to 1.5 m/s (4-5 ft/sec) for stiff 
clays. At the same time a special committee on irrigation hydraulics139 
presented similar values: 
loams 0.5 m/s-0.9 m/s (1.5-3.0 ft/sec) 
stiff clays 0.8 m/s-1.5 m/s (2.75-5.0 ft/sec), 
the values being based an available field data. 
In 1936 Russian engineers1`'o included the effect of density, 
which resulted in the values for velocity and shearing stress being 
slightly higher than the values reported by the Americans: 
stiff clays 1.2 m/s-1.7 m/s (4-5.5 ft/sec) 
The American engineers considered that average flow velocity was 
the only flow parameter relating to erosion, although as early as 1874 
the concept of tractive force or bed shear stress was introduced by 
Du Boys1`'1. 
The Russians later considered shear stress and also introduced 
soil classification and void ratio of the bed material as a criteria 
of erodibility. It was found that cohesive materials with the same 
classification and very similar size grading may have widely different 
resistances to erosion. It was recognised that besides mechanical 
composition other factors may control the soil erodibility. It was also 
recognised that the resistance to erosion of artificial channels may 
increase considerably with time. 
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Studies by the U. S. B. R. 142 attempted to correlate maximum 
tractive force with Plasticity Index (P. I. ) and mean grain size on the 
basis of field data. These studies seemed to show that the critical 
tractive force had very little correlation with mean grain size, but 
there was some indication that the critical tractive force increased 
with Plasticity Index. The critical tractive force was also found to 
be higher for ephemeral channels than for continuously wetted channels, 
suggesting that dessication may increase resistance to erosion. 
Rke Sundborg143 dennnstrated that the critical velocity 
decreases with decreasing particle size as low as silt, i. e. 50 microns, 
and presented two sets of curves relating critical velocities to grain 
diameter. For sediments finer than 50 microns the critical velocity 
increased with decreasing particle size. Sundborg derived an equation 
for critical velocity for erosion, but unfortunately the equation 
needed comprehensive laboratory experiments to determine the necessary 
parameters to enable calculation and so he suggested that, in view of 
the meagre relationships between grain size and erodibility, the most 
rational approach would be to examine the shear strength of the bed 
material in situ by means of some kind of shear test. 
Laboratory research, in general, has been done on two classes of 
cohesive soils: 
1. Medium to high strength consolidated clays; 
2. Soft freshly deposited, mid to low strength older deposits. 
Sundborg143 assumed the validity of Coulomb's Law for shearing 
resistance during erosion. This assumption led to a linear 
relationship between cohesion and critical shear strength of the bed 
" material. 
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Dunn144 also assumed the validity of Coulomb's Law and tried to 
correlate experimentally the shear strength as measured with a shear 
vane with the measured critical tractive force. A laboratory study 
was conducted on remoulded consolidated clay subjected to erosion by 
a submerged vertical water jet impinging on the clay sample whose 
upper surface formed part of the bottom of a small cylindrical 
container as shown in Figure 4.11. The critical flow was arbitrarily 
defined as the flow at which "the water becomes cloudy and no 
subsequent clearing occurred". 
However, before that stage was reached limited erosion occured. 
For each soil tested, the plot of critical shear stress (Tc) versus the 
vane shear strength (Sr) gave, according to Dunn, a straight line. The 
slope of that line was subsequently related to Plasticity Index, the 
percentage of silt and the percentage of clay and a statistical 
parameter called the 'dos Santos soil constant', 't'. 145 The latter 
parameter described the mechanical distribution of the material based 
on material passing the No. 200 (75 microns) sieve and statistical 
constants based on the phi probability curves. 146 Dunn did not record 
density during any test, the only sample identifying index used being 
the Plasticity Index, and the seven samples chosen varied over the 
narrow range of 6 to 16. This would suggest that the clay minerals were 
relatively inert and the soil as a whole not subject to adverse 
swelling. However, in isolating Plasticity Index and vane strength it 
can be assumed that there is a great deal of similarity in the soil 
structure and mode of erosion. The plot of increase of Tc with Sr was 
based on an inadequate number of points and is therefore open to 
question. There was an indication, however, that zc on average increases 
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with increasing Sr. 
Smeardon and Beasley147 attempted to relate critical shear stress 
to Plasticity Index to percentage of clay and some statistical 
parameters of the sediment. These parameters yielded only descriptive 
information for the soil, which was compacted at a given moisture 
content and to a given density. Samples were placed in the base of a 
flume and subjected to erosion, but again the 'point of bed failure' 
was arbitrarily and vaguely defined as "the tractive force at which the 
bed material was in general movement". 
A logarithmic relationship between critical tractive force and 
soil properties was established, showing best correlation with 
Plasticity Index and poorest correlation with mean particle size. 
Cohesion was decided to be the controlling erosive factor, but it was 
not evaluated as a parameter. 
The relationship showed. that for a critical tractive force of 
0.03 p. s. f. (0.138 kN/m2) a soil would have a Plasticity Index of 8, 
or a dispersion ratio of 40. However, the first soil in their study, 
number one, had a greater Plasticity Index of 10.2 and a small 
dispersion ratio of 22.2 for a tractive stress of 0.0199 p. s. f. 
(0.137 kN/m2). 
The tests were performed in an open flume with loosely placed 
soil, but no soil strength tests were carried out. The correlation 
with Plasticity Index obtained is particularly interesting from the 
point of view of comparison with results of other investigators: 
Tc - 0.0034 (PI)0.84 
0 
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However, for a Plasticity Index range of 10 to 20 Tc ranged 
between 0.02 p. s. f. (0.138 kN/m2) and 0.047 p. s. f. (0.324 kN/m2). For 
the same range Dunn obtained low strength values of is between 0.35 
and 0.50 p. s. f. (2.4-3.45 kN/m2). In general the two investigations 
led to critical shear stresses differing by a factor of 10 to 15. 
Moore and Masch1"8 and Espey1t'9 attempted to devise a small-scale 
test apparatus to evaluate the scouring resistance of cohesive soils. 
Moore and Masch used the principles of a submerged water jet similar 
to Ihmn'S. 144 As an erosion criterion they used an "indirect scouring 
index" which is a dimensionless coefficient relating erosion depth 
with time. They found that this index at a certain velocity varies with 
the Reynolds number corresponding to the particular velocity and with 
the Reynolds number corresponding to 'incipient failure'. Again failure 
was arbitrarily defined, and depended on the judgement of the observer, 
making utilisation of results difficult. 
Espey used a system of rotating coaxial cylinders with the inner 
stationary cylinder composed of clay samples. Neither investigation 
showed conclusive results. -Espey obtained a range of shear stress 
" between 0.18 p. s. f. (1.24 kN/m2) and 2 p. s. f. (13.8 kN/m2) depending 
on the interpretation of test data. No correlation with soil properties 
was attested. Erosion took place by removal of relatively large pieces 
of the sample. 
Carlson and Engerl50 performed field and laboratory studies on 
various cohesive soils. 'Critical' forces were obtained from a test in 
which clay samples were set into a well flush with the bottom of a 
circular tank and water circulated over the sample with a rotating 
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impellor. Critical tractive forces were measured as well as the 
Liquid Limit, Plasticity Index, density, soil gradation, vane shear 
strength and shrinkage limits. 
Retoric151 followed with an approach similar to Epsey's and 
presented linear relationships between Tc and the vane shear strength, 
Sr. For Sr between 20 p. s. f. (138 kN/m2) and 200 p. s. f. (1379 kN/m2) 
the critical shear strength ranged between 0.3 p. s. f. (2 kN/m2) and 
2 p. s. f. (13.79 kN/m2) a range quite dose to that of Espey. Both 
ranges are higher by an order of magnitude than the recommended design 
values for soft to medium strength clays quoted by most texts. Attempts 
to correlate Tc with P. I., percentage clay or exchangeable calcium- 
sodium ratio did not lead to conclusive results. 
Abdel-Rahman152 conducted experiments on artificially compacted 
clay beds in an open channel. In all Ratunan's experiments erosion 
eventually stopped. Variables other than the shear strength of the bed 
and the gross shear strength were not considered, and no critical 
stress as such was defined. Attempts were made to express the mean 
depth of scouring and roughness of eroded bed material in terms of the 
shear strength of the soil, the bed shear stress and the water 
properties. Plasticity Index of the soil was 25. Experimental shear 
stresses ranged between 0.015 p. s. f. (0.10 kN/m2) and 0.09 p. s. f. 
(0.62 kN/m2). For the same Plasticity Index, Smeardon and Beasely gave 
Tc = 0.0045 p. s. f. (0.03 kN/m2) whereas Dunn's experiments indicated 
much higher values. 
Berghager and Ladd153 conducted experiments in a small flume to 
study the effect of shear strength for zero effective stress on the 
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resistance to erosion of Boston blue clay. No correlation was 
attempted between flow and soil parameters. 
Saturated samples of the clay having a Plasticity Index of 12.5 
and a mean grain size of 3.5 microns were preconsolidated to 2000 
p. s. f. (1.37 x 104 kN/m2) and did not display any observable erosion 
at shear stresses as high as 0.7 p. s. f. (4.8 kN/m2) whereas Smeardon 
and Beas1ey147 for a similar Plasticity Index gave Tc = 0.03 p. s. f. 
(0.21 kN/m2). 
Middletonl54 was one of the first researchers to attempt to 
relate soil erodibility to measurable physical characteristics of the 
soil. He determined the silt plus clay content in the soil in the 
absence of chemical or mechanical dispersion, called the 'Suspension 
Percent'; the silt plus clay after standard dispersion, called the 
'Ultimate Silt plus Clay'; and two other common physical characteristics 
of the soil, the 'Colloid Percent' (by a water vapour absorption method) 
and the 'Moisture Equivalent'. Each of the physical measurements was 
expressed as a percentage of the dry weight of the soil fraction which 
was less than 2 millimetres in diameter. 155 The 'Dispersion Ratio' and 
'Erosion Ratio' were defined by Middleton as: 
Dispersion Ratio = 
Suspension Percent 
timte Silt plus CI-ay 
Erosion Ratio = 
Dispersion Ratio 
Ratio of Colloid Percent to bb 
Middleton suggested that the dispersion ratio and the erosion 
ratio are the Trost significant soil characteristics influencing soil 
erodibility and in general that an erodible soil has a dispersion ratio 
iSO 
greater than 10 and an erosion ratio greater than 15 while a non- 
erodible soil has a dispersion ratio and an erosion ratio less than 
these values. Middleton did not, however, define an erodible soil in 
real terms, i. e. the amount of erosion likely to occur. Also suggested 
as factors influencing erosion were the amount of organic matter and 
the silica-sesquioxide ratio. In general Middleton found 
that soils that were comparatively resistant to erosion had low 
dispersion ratios, low silica sesquioxide ratios and high ratios of 
colloid to unisture equivalent. 
Bennett156, a few years previous to Middleton's work, had also 
suggested that for humid-tropical and humid-temperate soils degree of 
erosion was related to the silica-sesquioxide ratio. 
Middleton, Slater and Byers157,158 stated, after exhaustive 
physical and chemical studies of soils subjected to erosion, that the 
quality of colloidal material was more important as an indication of 
erodibility than quantity. Again the researchers stated that the ease 
with which fine-textured soils become dispersed in water, as indicated 
by the Suspension Percent and Dispersion Ratio, appeared to be a good 
qualitative index of soil erodibility. 
Lutz'59 studied several types of clay and found that the silt 
and clay of a relatively non-erodible soil was aggregated into large 
water stable granules while the fine material of a highly erodible 
material was readily dispersed in water. Lutz found a soil with high 
plasticity to be non-erosive, whereas a low plasticity soil was 
erosive. , 
0 
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Several investigators160,161,162,163 found that some soils which 
were relatively resistant to erosion were readily permeable to water. 
Soils with high clay contents were found to exhibit greater swelling 
characteristics than soils with lesser clay contents. Moisture 
equivalent and saturation capacity were used in these studies as an 
indication of water holding capacity. Musgrave161,162,163 suggested 
that one of the primary factors affecting the amount of surface run- 
off, in his case from fields, is the soil's infiltration capacity, 
i. e. the process by which liquid enters the zone of aeration. This 
process includes the formation and building up of films around soil 
grains through wetting by rainfall, melting snow or temporary 
overtopping and the subsequent progressive downward movement of mobile 
water through the soil by 'film-flow' after the demand for pellicular 
water has been satisfied. For example, if two soils differ by as much 
as 10 millimetres infiltration per hour then over a four-hour period 
. the amount of protection would differ by 40 millimetres. 
An attempt to study the influences of definable soil properties 
on erosion was made by Grissinger '6 Rather than stating a critical 
shear stress the determination of critical shear was given in terns 
of mass erosion rates. Subsequently Partheniades and Paaswell165 using 
Grissinger's defined points estimated the critical shear stress as 
0.04 p. s. f. (0.28 kN/m ), of the same order as Smerdon and Beasley and 
Rahman. 
Grissinger found that the orientation of the clay particles had 
a pronounced effect on erosion, the erosion rates decreasing with 
increasing degree of orientation. In general it was found that 
resistance to erosion varied with the type and amount of clay minerals, 
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clay mineral orientation, sample bulk density and antecedent water, 
and the temperature of the eroding water. 
The percentage of clay was found to affect erosion; as the 
percentage of clay increased the resistance to erosion increased for 
all soil mixtures used, with the exception of Ca-montmorillonite 
additive. The Ca-montmorillonite was the only soil that showed, except 
at high density, decreasing stability with increasing clay content. 
This was attributed to the increasing swelling properties of the Ca- 
montmorillonite. The Plasticity Index of the Ca-montmorillonite was 
smaller than that of the Na-montmorillonite, 11 to 17 compared with 
11 to 35 at 2 per cent to 10 per cent clay. The Na-montmorillonite 
showed greater resistance to erosion at a moisture content of 10 per 
cent. The samples were compacted on the dry side of optimum, the soil 
being in a flocculated state with a lesser degree of particle 
orientation, and hence the same soil is more susceptible to erosion. 
A slight increase in the resistance to erosion was shown to occur 
with increasing bulk density of the soil, although the results were 
not conclusive. In this case it was thought that while bulk density 
referred to average density of the entire sample it is likely that 
surface densities, due to compaction techniques and expansion under 
flow, would not show the same marked degree of variance from sample to 
sample. In this case it was thought that bulk density was not as good 
an index as would be moisture content or void ratio in the erodible 
zone for those samples not fully saturated prior to testing. 
The antecedent moisture, defined as the moisture content after 
compaction but prior to testing, was found to have a significant effect 
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on erosion rates which decreased with increasing antecedent moisture 
down to a minimum value. From there the erosion rates increased as 
shown in Figure 4.12. The erodibility of kaolinite mixtures was found 
to be dependent upon the size of the kaolinite particles. 
Due to a wide range of Plasticity Index and overlapping of 
Plasticity Index between various sample mixtures no correlation 
between Plasticity Index and erosion was made. Thus, while the 
Plasticity Index was constant, erosion was dependent on the packing 
arrangement of the clay and the absorbed moisture content. 
Ageing of the sample did not seem to have a pronounced effect on 
the erodibility after an ageing time of four hours, as shown in 
Figure 4.13. 
Evidence indicated that erosion rates increased with increasing 
water temperature, the rates at 35°C being about twice those at 20°C, 
as shown in Figure 4.14. 
Grissinger later extended tests to a wider range of natural soils 
and developed an equation relating erosion rate to the rate of sample 
wetting. 166 This empirical relationship is given by: 
ER = bp (A water/time) 
where ER = erosion rate 
b= regression constant 
p= sample porosity 
Partheniades167 studied erosion and deposition of fine cohesive 
sediments in an open flume with recirculating water at ocean salinity 
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and constant depth. Most of the sediment used was composed of silt, 
clay and traces of sand and some organic matter sampled from San 
Francisco Bay (L. L. 99, P. I. 55). Two beds were used, one remoulded 
at field moisture content of about 110 per cent and with a remoulded 
shear strength of 20 p. s. f. (137 kN/m2), while the other was flocculated 
and deposited directly in the flume from suspension at very low flow 
velocity. The ratio of strengths of dense to flocculated beds was of 
the order of 100 to 1. 
Conclusions arrived at by Partheniades included: 
1. Minimum velocity or shear stress at which erosion was first 
observed was about the same for both beds. 
2. ' The minimum scouring shear stress was found to be of the order 
of 0.0010 p. s. f. (6 x 10-3 kN/m2). 
3. For these tests the erosion rates were found to be independent 
of the macroscopic bed shear strength. 
For the two tests on the dense beds lower shear strength was 
achieved at higher moisture contents, and this was attributed to 
cementing iron oxides dissolved in the water. 
The concentration of the suspended sediment in the eroding water 
was seen to have no effect on erosion rates. 
Partheniades observed an unexpected and striking bed erosion 
pattern consisting of a well-defined, relatively straight, narrow zone 
of erosion near the centre of the flume, the rest of the bed having a 
wavy appearance with small and smooth ripples. This was attributed to 
secondary boundaries generated at the frictional boundary and wall of 
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the channel which might have affected the instantaneous shear stress. 
The hard crust formed on the clay surface was thought to be due to an 
increase in the electrochemical attraction between clay particles 
caused by dissolved iron oxides which were thought to have been 
derived from the barrels in which the material had been stored and 
also from the flume. 
Partheniades showed the erosion rates to depend strongly on the 
increase of average bed shear stress past a threshold value. Figure 
4.15 shows erosion rates plotted versus the bed shear stress, Tb. 
A mechanistic model was developed by Partheniades to explain the 
observed erosion phenomena. It was assiwned that the instantaneous 
shear stress, To, has a normal distribution with mean To, and standard 
deviation ro no To is given by the logarithmic velocity distribution 
law: 
du KY Ui 
or by 'tb = rwRSe 
in which p= density of water 
y= distance from the bed 
R= hydraulic radius 
u= local time average velocity 
K= Karman's Universal Constant 
Se = slope of the energy line 
The interparticle attractive forces, C, were assumed constant and 
proportional to the cohesion, c, due to these forces. Also vom, the 
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maximum tensile stress induced by the flow on the discontinuities of 
the clay particles or within the particles themselves must be 
proportional to the local shear stress, -ro. 
Using as a criterion for erosion the condition: 
0 max 
__ =kTo> 1 
in which k is an overall proportionality constant. The following 
general equation for the erosion rate was derived: 
E= A' 
Ds Ys 
1-1f 
(c/k To no) - (1/no) 
e w2 -TO) 72 
-ckT-2) 
dw 
(/o no) (1/n o) 
I 
where Ds = the average diameter of the eroded clay particles or 
clay clusters 
ys = unit weight 
A' = dimensionless shape constant 
t(TO) = time required for a stress o >, c to act for the 
removal of a particle. 
The erosion rates, E, are given in terms of eroded dry weight per 
unit bed area and unit time. The product (A' Ds ys)/ tot(To) is a 
function of the soil properties. no depends on the bed surface 
configuration and the flow conditions. 
Martin168 investigated the effect of the salt concentration of the 
eroding water on erosion resistance. Martin indicated that changing 
the salt concentration of the fluid would have noticeable effect on 
the strength of clay, both in its natural and remoulded states. 
" 
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The general effects of electrolyte replacement on strength were 
considered by Bjerrum and Rosenqvist169, who established that clays 
deposited in a saline environment and then subsequently leached with 
pure water will suffer a decrease in shear strength and a reduction in 
the liquid and plastic limits. Their analysis also indicated that the 
effect of weathering, coupled with thixotropic effects, resulted in 
an increase in shear strength. 
Studies of the influence of chemical additives on the erodibility 
of cohesive soil have been made by several investigators. In tests by 
Liou170, Na 2 CO3 and Ca(OH)2 were added to the soil to permit ion 
exchange before erosion took place. An attempt made to correlate vane 
shear strength of the soil with erodibility for different weights of 
chemical additives was successful only with Na 2 CO3. Liou described 
the physical process for erosion of the Na-montmorillonite as "the 
mixture dispersed small clay particles and some chemicals; ... the 
soils were eroded away, layer by layer, approximately uniformly across 
the sample. For the Ca-montmorillonite "... the soils treated with 2.0 
per cent and 5.0 per cent Ca(OH)2 additives were eroded away in large 
flocs... The soils were eroded away locally... " The Na-montmorillonite 
displayed a sustained erodibility that increased as concentration of 
sodium ion increased. The Ca-montmorillonite showed erodibility over 
a range of low percentage of additive but showed a peak at 5 per cent 
Ca additive. Liou suggested that the variation in erodibility between 
Na- and Ca-montmorillonites occurs from the structure, flocculated or 
dispersed, that is established by the quantity of salt added. 
The relationship of erosion susceptibility to water quality was 
shown in a study by Arulanandan et al. 171 Water quality of both the pore 
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fluid and the eroding fluid was changed in a series of rotating cylinder 
shear tests. The sodium adsorption ratio was varied, affecting the 
internal structure of the soil. The eroding fluid also had Na Cl 
concentrations varying from 0 to 6.1N. The results showed that as the 
adsorbed sodium ratio increases the critical shear stresses decrease, 
the rate of decrease being a function of the salt concentration in the 
pore fluid. With low concentration of salt in the pore fluid, high 
shear stresses are resisted only when little of the original Ca or Mg 
ion has been displaced. When the pore fluid contains much salt (0.1 N) 
the resistance to erosion is sustained to much higher sodium adsorption 
ratios. Arulanandan et al attributed this to the ability of the soil to 
form strong flocculated structures with either higher valence exchange 
ions or high concentrations of salt in the pore fluid. 
The eroding fluid was also shown to be used to stabilise the soil 
as increasing the concentration of salt in the eroding fluid resulted 
in lower erosion rates. Thus a quantity of 0.005 N. Na Cl was enough to 
reduce the erosion rate to 20 per cent of distilled water acting on the 
soil. Thus it could be said that in cases where the Na Cl concentration 
in the pore fluid is greater than in the eroding fluid, erosion can be 
expected, whereas when the reverse situation exists erosion is not 
expected. Reduction of salt concentration at the surface of the soil 
relaxes the internal force system and permits erosion to commence. 
Christensen and Das172 developed a technique in which samples were 
placed inside a brass tube as a lining. The clay was actually compacted 
by squeezing into a tube and the surface made smooth by removal of the 
inner tube which affected the orientation of the particles at the surface. 
Moulding moisture content, flow velocity and temperature of the eroding 
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fluid were varied. The samples showed an initial rate of erosion 
followed by steady state conditions, followed by rapid erosion due to 
the nature of the changing boundary forces as the surface becomes 
rougher and particle re-orientation occurs. A mechanistic model was 
derived which makes the understanding of erosion as an internal/ 
external energy system possible: 
ßE exp (at) (T < TC) 
and 
i= 
ECR exp 
[ctiCT 
- Tc)I (T > TC) 
where E= steady state erosion rate 
Tc = critical stress 
a and ß= soil and test parameters 
The authors noted that as moulding moisture increased, total 
erosion weight decreased. 
Wischineier and ! yer173 related the data developed since 1930 by 
the U. S. Department of Agriculture on run-off and erosion to properties 
of detachability and transportability of the soil. Using multiple 
regression techniques the authors found that significant parameters 
affecting erosion were soil texture, organic matter content, 
aggregation, surface pH and permeability of the surface. An erodibility 
nomogram was constructed which is used to predict the erodibility of 
soils at construction sites from soil parameters easily obtained through 
surface sampling. 
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4.3 Conclusions 
The research cited here has shown that the problem of cohesive 
soil erosion is very complex. Definitions of erosion bed failure and 
critical shear stress in many studies have been arbitrary and based 
entirely on visual observation and the judgement of the observer. It 
becomes difficult, therefore, to predict erosion. 
In general, low shear strength is not the only soil property 
governing erosion, and no definite correlation has been found between 
strength and credibility and no well-defined empirical relation has 
been developed. 
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GIAPTER FIVE 
EXPERIMENTAL APPARATUS, MATERIAL AND PROGRANf4E 
5.1 Introduction 
This chapter introduces a laboratory investigation into erosion, 
describing the material used and experimental apparatus. The preparation 
of the test specimens is described as well as all items of equipment. 
The techniques used in testing the samples are also outlined. In 
cases where procedure used varied substantially from British Standard 
Methods or is not covered by any standard, the techniques are 
described in greater depth. 
5.2 Design Parameters for Apparatus 
Velocity was one of the most important parameters to be 
considered since in earlier experimnts174 the velocity of flow was 
too low and no erosion of the clay took place. An estimate of the 
velocity at which clay might be expected to erode was obtained from 
Webber175who states that the maximum permissible water velocities for 
the design of stable channels in stiff clay, very colloidal -in clear 
water as 1.15 metres per second and in water transporting colloidal 
silts as 1.5 metres per second . 
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Velocities likely to be experienced during overtopping were 
calculated by Bernouilli's equation175, and while it is appreciated 
that the values obtained are very empirical they did aid the design 
process. Assuming no tailwater and no friction on the slope and with 
reference to Figure 5.1, Bernouilli's equation becomes: 
2 
hD +h_v 21 g 
If, in the prototype a depth of water of 0.5 metres is assuiT d to 
overtop the dam, then the velocities attained at the base of the 
downstream slope for a number of different heights of dam is shown in 
Table 5.1. 
Perhaps slightly more realistic values of velocity may be 
calculated by use of the Manning Formula: 175 
V=1 R2/3 S1 
n 
Asswning an initial breach 1 metre, wide and 0.5 metres deep in the 
crest, then: 
R=g=0.25 
and assuming slopes of 1: 1,1: 1.5,1: 2,1: 2.5 and 1: 3 and a 
coefficient of surface roughness, n, for an "unlined channel of 
earth, in a poor condition with weeds", of 0.05, then the velocities 
likely to be experienced on the downstream slope of an embankment are 
shown in Table 5.2. 
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H= Height of dam 
h= Depth of overtopping water 
Vg = Velocity of base of slope 
S= slope 
FIGURE 5.1: Flow over a Dam 
H (m) h+H (m) 2g VB = 2g (h + H)Il1(m/s) 
10 10.5 19.62 10.15 
20 20.5 19.62 14.19 
30 30.5 19.62 17.30 
40 40.5 19.62 19.93 
50 50.5 19.62 22.26 
TABLE 5.1: Estimated Velocities achieved durin 
Bernoulli's Equation 
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S (S) (R) 2/3 1/n V (m/s) 
1: 1 1.000 0.397 20 7.94 
1: 1.5 0.816 0.397 20 6.48 
1: 2 0.707 0.397 20 5.61 
1: 2.5 0.633 0.397 20 5.02 
1: 3 0.577 0.397 20 4.58 
TABLE 5.2: Estimated Velocities achieved 
Clearly the velocity was an important parameter, and a compromise 
had to be made between the range of velocities required with that of 
the range obtainable. A minimum velocity of 2 metres per second was 
adopted for design of the channel. Other design considerations included: 
1. Utilisation of as much existing equipment as possible including 
an available pump. 
2. 'Closed-circuit apparatus' - due to material in suspension, the 
test apparatus was designed to be self-contained with a 
recirculating water system. 
3. Adjustable channel - hinged at the uppermost end so that the 
slope of the channel could be altered. 
4. Perspex "viewing section" - adjacent to sample. 
S. Measuring equipment - measurement of discharge, sediment 
concentration etc. 
6. Head losses in system. 
7. Discharge control. 
8. -Overall size of equipment. 
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9. Sample size, as large as possible, to eliminate 'side effects'. 
10. Cost. 
5.3 Principal Apparatus 
5.3.1 Closed-Circuit Test Channel 
The basic requirement of the closed-circuit channel was to 
provide an accurately reproducible flow of sufficient velocity to 
erode a sample of compacted clay. 
The main apparatus consisted of three principal components: (a) 
an upstream reservoir, (b) a channel and (c) a downstream reservoir, 
as shown in Plate 5.1, Figure 5.1 and Figure 5.2. 
5.3.2 Upstream Reservoir 
The upstream reservoir consisted of a one nitre square metal tank, 
having a depth of one metre and fitted with a bell-mouthed exit. 
Water entry to the tank was streamed through a flow diffuser 
within the tank, constructed from 100 millimetre diameter rigid PVC 
Piping. 
A piece of aluminium 'honeycomb', used as a flow-straightener, 
was installed in the bell -mouthed exit to ensure a 'smooth' water 
surface in the channel. 
A tap was provided in one corner of the base of the tank to 
facilitate drainage. The tank was positioned on a 1.35 metre high 
timber staging. 
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5.3.3 Channel 
The channel was 3 metres in length and constructed of 12 
millimetre marine plywood, protected by polyurethane varnish, and 
fitted with a 40 millimetre deep depression for the clay samples at 
the downstream end. The channel was 0.25 metres wide and 0.25 metres 
deep, the 'sample section' being of rectangular cross-section and 
0.25 metres wide, 0.512 metres long but 0.04 metres deeper than the 
rest of the channel as shown in Figure 5.4. 
Perspex 'windows' were installed in the walls of the channel, 
next to the sample section, these windows being marked with linear 
scales to enable the erosion process to be recorded. 
A brass control gate was fitted to the downstream end of the 
channel. 
The channel was hinged from the upper tank and supported by an 
adjustable prop which enabled the channel to be positioned horizontally 
or at varying angles of depression to a maximum of 15 degrees. 
5.3.4 Downstream Reservoir 
The downstream reservoir consisted of a galvanised steel tank, 
1.5 metres long, 1.0 metres wide and 1.0 metres deep. 
Water drawn from the tank by the pump passed through an intake 
constructed from 100 millimetre diameter rigid PVC pipe and in such a 
manner that water was drawn from the lowest portion of the intake to 
prevent air entering the pump. As an added precaution to prevent air 
entering the pipework system a 100 millimetre wide filter, consisting 
of an expanded wire cage filled with 37.5 millimetre single sized 
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gravel, was constructed in the downstream channel. This filter 
effectively 'stilled' the water falling from the channel to the tank 
before the water was recirculated by the pump. 
A tap was provided in the wall of the tank near the base to 
enable the system to be drained. 
S. 3.5 Pu 
The pump employed was an Ingersoll-Rand Ptunpak (Model ABO4B) 
driven by a Crompton-Parkinson motor running at 1420 r. p. m., 4 kWV power. 
The pump's characteristic curve is shown in Appendix C. 
The pump discharged into a 100 millimetre diameter rigid PVC pipe 
running beneath. the channel to the upper tank. The discharge was 
controlled by a 100 millimetre valve positioned next to the outlet of 
the pwnp. 
5.4 Discharge Measurement 
5.4.1 Orifice Plate 
The criteria, as stated by BS 1042: Part 1(c), determining the 
position of an orifice plate in a pipeline include the requirement 
that the plate must be in such a position that it is a distance of at 
least the equivalent of thirty pipe diameters from any bend or valve. 
This criterion could not be satisfied in the system as designed, 
and so there was a risk of turbulence and non-uniformity of the flow 
which might affect the accuracy of the readings obtained from the 
orifice plate. Thus, since the orifice plate was installed at a 
distance of only twenty-two pipe diameters from a bend, a turbine flow- 
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meter was used to alleviate the problem of turbulence and to 
accurately calibrate the system, i. e. relate the discharge predicted 
by the pressure drop across the orifice plate and obtained from the 
manometers with the actual discharge of the pump as recorded by the 
turbine flow-meter. 
5.4.2 Turbine Flaw-Meter 
The turbine flow-meter, Type M6/2000/B250, manufactured by Meter- 
Flow Limited of Baldock, Hertfordshire, was installed in the closed 
circuit pipeline as shown in Plate 5.2. 
The flow-meter, in conjunction with water and mercury manometers, 
enabled the orifice plate to be accurately calibrated against discharge. 
The flow-meter assembly was 1.6 metres long and consisted of two 
transitional cones, reducing the diameter of the pipe from 100 
millimetres to 50 millimtres, two 'flow straightening' sections, and 
in the centre the turbine flow-meter itself. 
Due to the limited availability of the flow-meter the apparatus 
was designed to enable the flow-meter to be installed into the system 
for the duration of the calibration period and then removed. 
Installation involved moving the upper tank on its supporting frame 
back 1.6 metres and inserting the flowmeter assembly into the pipeline. 
This, of course, resulted in the end of the channel being 1.6 metres 
short of the lower reservoir, and so a temporary channel extension 
complete with splash boards was bolted to the end of the test channel 
for the calibration exercise. 
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The sample section of the channel was filled with a wooden block 
while the calibration exercise took place. The test apparatus is 
shown in Plate 5.2 and the flow-meter and associated electronics are 
shown in Plate 5.3, Plate 5.4 and Plate S. S. 
Calibration was achieved by varying the flow by use of the control 
valve to obtain pre-determined values of frequency of rotation of the 
turbine, which in turn corresponded to known values of discharge at a 
known head of water and at the same time recording the pressure head, 
as shown by the manometers connected across the orifice plate. 
The advantages of the turbine flow-meter for calibration are: 
1. There is only one moving part, and therefore the instrument is 
comparatively rugged. 
2. It is simple to instal in any system. 
3. High degree of accuracy - better than ±0.15%. 
4. Excellent reproducibility - better than ±0.05%. 
S. Low cost. 
The turbine flow-meter can measure discharge of fluids over a 
wide range of flow-rates. The rotation of the turbine is detected by 
a pick-up attached to the side of the flow-meter, and the resulting 
recorded frequency of rotation is directly proportional to the fluid 
velocity. The pick-up is separated from the fluid by the body of the 
flow-meter which is locally reduced in thickness, thus allowing high 
internal fluid pressures without the problem of providing a reliable 
seal. 
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PLATE 5.3: Turbine Flow-meter 
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PLATE 5.2: Calibration of Channel 
1 
PLATE 5.4: Turbine Flow-meter 
PLATE 5.5: Flow-meter Revolution Counter 
-1 
1 
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The attitude of the meter has no effect on its accuracy, although 
flow in one direction only is permitted. The flow itself must not be 
swirling, and the manufacturer recommends that there are no 
obstructions within ten pipe diameters upstream and five pipe 
diameters downstream of the instrument. This recommendation was met. 
The flow-meter used was capable of measuring flow rates in 
contaminated fluids such as raw water, crude oil, or where sediment 
or pipe scale might have been present, and this fact proved to be 
especially useful when checks were made on the orifice calibration 
during the laboratory programme. The M6 model used was capable of 
measuring a flow-range of 2.3 to 1136.5 litres/second. 
The theoretical and observed discharge/manometer difference curves 
are shown in Appendix C. 
Plastic tubing and 'two-way' glass taps led from D and D/2 brass 
manometer tappings in the pipe to a water and a mercury manometer 
mounted on the side of the upper tank, the water manometer being used 
for the lower flow-rates while the mercury manometer was used for high 
flow-rates. 
5.5 Water Depth Gauge 
The depth of flow was obtained using a point gauge held on a 
framework supported by the side walls of the channel which could be 
moved along the channel. 
The point was mounted on a graduated scale and actuated by a slow- 
motion screw. A vernier scale enabled readings accurate to 0.01 
milline tre to be made. 
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5.6 Pitot Tube 
The velocity distribution in the channel was obtained using a 
pitot tube of the Prandtl type and using the basic equation: 
v=a Pt-P 2g S YW 
where a- is usually taken as 1 
v= velocity at any point in the channel 
Pt = the total pressure indicated by the connecting manometer 
Ps = the static pressure on the same manometer 
yw = the specific gravity of water. 
The mouth of the pitot tube inserted in the water had a'diameter 
of one millinnitre. 
The pitot tube was mounted in a clamp attached to the point gauge 
support, enabling accurate positioning of the pitot tube and accurate 
determination of the depth of the mouth of the pitot tube. Frequent 
back-flushing was necessary in order to wash out sediment and air at 
the high points of the system. 
5.7 Shear Vane 
A portable hand shear vane manufactured by Pilcon Construction 
Limited was used to measure in-situ the shear strength of the bed 
material. 
To measure the shear strength of the bed material the vane was 
pushed into the soil to the desired depth at the required position and 
then the handle turned until failure occurred. The angle turned by the 
handle is recorded on a scale within the instrument, and by use of a 
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calibration curve, which is given in Appendix C, the shear strength of 
the bed material can be found. The diameter of the vane (D) was 20 
millimetres and the height of the vane (H) was 30 millimetres, the 
ratio of the height to diameter (b) being 1.5. 
To ensure that the base of the channel did not affect the results 
of the shear vane tests some readings were taken with the flanges of 
the vane totally inserted into the soil, while in others readings were 
taken with the flanges only partially inserted into the soil. 
Account was taken of this on the basis of the following theory: 
First case: Men the vane flanges are totally inserted in the soil. 
If it is assumed that the soil fails over the surface of a 
cylinder, diameter D and height H, and that the shear stress is 
uniformly distributed: 
The torque resisted by the curved surface at failure is: 
Torque = cohesion x area = moment arm 
D2H 
= c, rDH 2 
11 
= cri 
D2 
Torque resisted by the ends (uniform stress) is 
cnD3 
Hence total resisting torque is 
3 
Torque = c, r (ý +D ý--) 
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Second case: Men the vane flanges are only partially inserted in the 
soil, 
i. e. H* = inserted depth which is less than H 
H= vane height. 
2 
Torque = c, rDH* + car -T- "7 
D2H* cnD cý 2+ 12 
2 
Torque =o (3H* +9 
5.8 Suspended Solid Concentration Measurement 
Sampling of the water at specific times was achieved by collecting 
all the flow at the end of the channel by moving a perspex sampling 
box 150 millimetres wide, 250 millimetres long and 120 millimetres 
deep momentarily across the end of the channel, thus capturing the 
total flow. This sample was then continuously agitated and a 500 
millilitre sub-sample obtained by filling a graduated measuring 
cylinder. 
The sample was then filtered through Whatman GF/C Glass Microfibre 
r 
ti 
filter papers of 110 millimetre diameter. The filter papers were oven 
dried overnight and then weighed on a balance, sensitive to 0.001 
grams. They were then placed in funnels on Buchner flasks and a vacuum 
applied. The 500 millilitre sample was then added and filtration began. 
The residue was washed with distilled water. lVhen filtration was 
complete the vacuum was released, the filter paper removed and dried 
overnight. The papers and sediment were then weighed on a balance, and 
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initially measuring time was kept to a minimum in order to reduce 
error due to varying moisture absorption during weighing. However, 
an experiment carried out showed that over a range of temperatures 
from 18°C to 25°C and over a wide range of humidity conditions the 
filter papers had a very high degree of weight stability. The papers 
used were chosen because they were made of ultra-fine fibres to 
retain the finest particles, in fact they are described as 'the 
standard paper for suspended solids in water'. Made from boro-silicate 
micro-fibres with no binders or additives to affect results, they are 
chemically and physically inert. 
The "threshold" concentration of suspended solids was obtained 
before the start of the test. Thus the amount of suspended matter 
could be determined in grams per litre of the flowing water at each 
particular sampling time. 
5.9 Swelling Characteristic Apparatus 
The apparatus used to evaluate the swelling characteristics of the 
bed material is shown in Figure 5.5 and Plate 5.6. 
The apparatus consists of a 100 millimetre diameter perspex tube 
with detachable base containing a porous disc, and a perforated circular 
aluminium plate with fixed vertical aluminium rods weighing 56 grams, 
which transmit any movement of the sample to dial gauges mounted on 
top of the apparatus. 
The material and overlying aluminium plate were covered with 
water to a depth of 25 millimetres. 
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PLATE 5.6: Swelling Characteristic Apparatus 
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5.10 Recording/Photographic Apparatus 
In addition to the results obtained from the test photographic 
records of the tests were made using a single lens reflex camera and 
a time lapse camera, the latter being shown in Plate 5.7. 
5.11 Clay Material 
5.11.1 Classification 
The clay soil used in the laboratory investigation was classified 
as being a clay of intermediate plasticity, falling between the CL 
and CH groups in the Casagrande system of classification. 
This dark brown clay, a typical North-East, overconsolidated 
glacial boulder clay, was sampled from the Whitley Bay area of Tyneside. 
Approximately two cubic metres of material was dug by hand and 
returned to the laboratory where it was air-dried, all stones removed, 
and then broken down to a powder whose particle size did not exceed 
three millimetres using a 'Fritsch Pulverisette' crusher. The material 
was then stored in covered plastic bins, under laboratory conditions 
of between 14°C and 24°C, and at a humidity of approximately 55$, 
until required. 
5.11.2 Grain-Size Distribution 
The grain-size distribution was determined by pipette analysis, 
as described in BS 1377: 1975176 and showed the material to be composed 
of approximately 29 per cent by weight of clay (less than 2 microns in 
size), 40 per cent by weight of silt (between 2 microns and 60 microns) 
and a small amount of fine sand. The particle size distribution is 
shown graphically in Figure 5.6 showing, perhaps surprisingly, very 
little fine and medium silt to be present. 
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PLATE 5.7: Time-Lapse Photography Equipment 
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5.11.3 Mineralogy 
The mineralogy of the soil was investigated using X-ray diffraction 
techniques (XRD) from which it was found that the clay fraction was 
composed of several clay minerals which are presented in Table 5.3. 
Mineral Percentage by Weight 
Albite 5.4 
Chlorite 6.6 
Illite 2.6 
Muscovite 1.3 
Orthoclase Felspar 8.5 
Quartz 75.6 
TABLE 5.3: Mineralogical Analysis of Clay Fraction 
Some clay particles are shown in Plate 5.8. 
5.11.4 Atterberg Limits 
The Liquid Limit was determined using the cone penetrometer 
method as described in BS 1377: 1975176. The Atterberg Limits for the 
clay material are shown in Table 5.4. 
Liquid Limit 39 
Plastic Limit 18 
Plasticity Index 21 
TABLE 5.4: Atterberg Limits 
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192 
PLATE 5.8(a): Clay Particles 
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5.11.5 Chemical Characteristics 
The results of a 'water soluble' chemical analysis are stuunarised 
in Table S. S. 
Ca ++ 0.64 mg per gram of wet weight 
Mg 0.49 mg per gram of wet weight 
Cl 0.12 mg per gram of wet weight 
Mn 0.28 mg per gram of wet weight 
Fe 2.00 mg per gram of wet weight 
TABLE 5.5: Water Soluble Chemical Analysis 
5.11.6 Soil Compaction Test 
The dry density/moisture content relationship for the clay soil 
is shown in Figure 5.7. The test used a 2.5 kg rammer falling through 
a height of 300 millimetres, i. e. 'normal' compaction, as specified in 
"Methods of Test for Soils for Civil Engineering Purposes, BS 1377: 1975"176. 
Maximum dry density achieved was 1.78 Mg/m3 at an optimum, moisture 
content of 16.5 per cent. 
5.11.7 Specific Gravity 
The specific gravity, Gs, of the clay particles was found to be 
2.64176 determined by the method outlined in BS 1377: 1975176. 
5.11.8 Shear Strength - Undrained Triaxial Tests 
The shear strength of the clay, at various densities and moisture 
contents, was investigated in a series of undrained triaxial tests. 
For each density, the amount of material required to form a 100 
millimetre long, 38 millimetre diameter sample was calculated. The 
material was then forced into a 38 millimetre diameter sample tube and 
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a 100 millimetre specimen extruded which was then trimmed to give the 
'standard' 76 millimetre long, 38 millimetre diameter sample. 
Figure 5.8 shows the relationship between moisture content, 
cohesion and bulk density for the clay. 
5.12 Modification of Soil Properties 
In order to vary the soil properties it was decided rather than 
attempt to locate clays with widely varying properties, to add sand to 
the clay soil. 
5.12.1 Sand Material 
The sand added to the clay, was supplied by Tilcon Quarries 
Limited from their Styford Quarry. The properties of the sand are as 
shown in Table 5.6. 
Sand was added in the proportions of 5%, 10%, 15%, 20% and 25% of 
the dry weight of the clay. The resulting changes in Liquid Limit and 
Plastic Limit are shown graphically in Figure 5.9 and Figure 5.10. 
Variation in shear strength of the soil die to the sand was 
monitored by use of the shear vane. 
Change in the soils' compaction characteristics was evaluated by 
testing samples to which 5%, 10%, 15%, 20% and 25% of sand, by weight 
of the original sample, had been added. The results of the compaction 
tests are shown in Figure 5.11. A gradual reduction in optimum moisture 
content is seen to occur with increasing amounts of sand. 
196 
Sieve Analysis - Size Percentage passing 
10 M 100 
5 inn 91.3 
2.36 mm 71.7 
1.18 mm 56.9 
600 um 41.5 
300 um 26.4 
150 um 10.6 
Silt Content 6% 
Organic Impurities 0 
Water Absorbtion 6% of Dry Weight 
Specific Gravity 
Saturated Surface Dry 2.65 
Oven Dried 2.41 
Apparent Relative Density 2.85 
Density 
Compacted Density (kg/m3) 1641 >y> 1613 
Loose Density (kg/m3) 1525 >y> 1498 
TABLE 5.6: Sand Properties 
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5.13 Development of an Experimental Programme 
Primary objectives of the experimental programme were to 
investigate the washout process of earth dams, to study the mechanism 
of erosion, and to investigate how erosion rates may vary with change 
in water velocity and basic soil parameters, such as Plastic Limit, 
Liquid Limit comparison and shear strength. Dual series of experiments 
were devised in order that these objectives might be fulfilled. 
The first series of tests (Series I) involved compacted clay 
samples of which the properties could be varied, i. e. density, moisture 
content, Plastic Limit, Liquid Limit etc., 512 millimetres long, 250 
millimetres wide and 40 millimetres deep which would fit into the 'sample 
section' of the channel flush with the base of the channel and which 
could then be subjected to erosion by the water flowing over the sample. 
A study of the effects of varying the soil parameters or erosion rates 
and a study of the mechanism could thus be made. 
Parameters also to be considered in Series I tests were the effects 
of temperature and sediment concentration of the eroding waters. 
Small scale model tests (Series II) were made using models whose 
profiles are shown in Figure 5.12. This series of tests were used to 
study the effect of the orientation of compacted layers in the dam 
relative to the vertical axis of the dam, the effect of changes in the 
downstream slope, and also to study breach configurations, and the 
mechanism of failure of a dam subject to overtopping. 
5.14 The Procedure of Work 
The following sections describe the preparation of each specimen, 
the measurements taken and, finally, the results from a typical test 
are presented. 
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Series II Trials 
5.14.1 Preparation of the Experiments 
Preparation for each experimental run included filling the test 
apparatus with water and expelling all air from the manometer system, 
and also the formation of a homogeneous cohesive sample with a smooth 
surface. The samples were prepared in four stages as follows: 
(a) Mixing; 
(b) Compaction; 
(c) Laying out the model; 
(d) Treatment of the surface. 
5.14.2 Mixing 
In this process the quantity of water required to produce the 
desired moisture content was calculated making allowance for the initial 
moisture content of the clay particles. Selection of the moisture 
contents to be used during the tests was based on the optimum moisture 
content obtained from the compaction tests. A range of moisture contents 
was chosen to encompass the optimum moisture content as found from the 
standard compaction test. The initial moisture content of the clay 
particles was measured in a 'Speedy' moisture meter. The clay was stored 
indoors under laboratory conditions of temperature and humidity (' 20°C, 
60% RH), and, in the latter stages of the work, due to no change in the 
moisture content of the clay, the use of the 'Speedy' was discontinued. 
The water required to produce the required moisture content was 
added to 10 kilograms of clay particles and mixed for three minutes in 
a 'M, iltiflow' pan-mixer of 0.015 
m (1 ft3) capacity. The arrangement 
of the paddles in this mixer gave thorough mixing in the horizontal and 
vertical directions, although care had to be exercised, especially in 
the case of the 'drier' mixes, to ensure that material in the corner of 
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the pan was distributed through the mix. 
A sample was removed from the pan innnediately after mixing and an 
accurate determination of mmoisture content obtained by the method 
described in BS 1377: 1975176. 
5.14.3 Compaction 
Compaction of the clay sample, especially in the earlier tests, 
proved to be a problem. Several methods of compaction were tested 
before a method was chosen to be used throughout the laboratory 
programme. Due to the limited working space available within the 
channel it was decided to pre-form the clay samples and then transfer 
them to the channel for final surface finishing and sealing to the 
channel sides and base. 
Initially a hand tamping method of compaction was used, but it was 
found that the density within the sample was very variable and that the 
sample, which was formed in an angle-iron frame whose internal dimensions 
were the same as that of the required sample, was often so variable that 
large voids existed, especially near the corners of the sample. 
Compaction was attempted using a standard compaction test rammer 
in an attempt to get uniform compaction. However, once again large 
voids were found to be present, especially at the corners of the sample, 
and the density was found to be variable. Tests carried out with these 
samples showed widely varying rates of erosion due to the variation in 
compaction techniques. It was therefore essential to devise a method of 
compaction and sample preparation which enabled reproducibility in the 
sample and thus reproducibility in test results. This was achieved by a 
method of compaction which was subsequently used throughout the 
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laboratory programme and which will now be outlined in detail. 
A mould was designed and constructed consisting of an angle iron 
frame screwed to a wooden base. A wooden base the size of the sample 
and some 5 millimetres thick was oiled to prevent the clay adhering to 
the plate and then it was placed in the mould. -The amount of the 
prepared soil required to achieve the desired density under test was 
then kneaded into the mould by hand in order that few voids were 
created in the compaction process. A steel plate some 10 millimetres in 
thickness was then placed on top of the soil sample, within the mould, 
and the apparatus was then transferred to a compression testing machine 
where load was applied to the top plate via a steel beam. The dimensions 
of the angle iron and plate were such that the sample reached the 
required thickness (40 millimetres) and hence the required density when 
the top of the loading plate became flush with the top of the angle iron. 
The beam and steel plate were then taken off the mould. 
The mould and sample were then removed from the compression testing 
machine, and the screws holding the angle iron mould to the wooden base 
board released, enabling the angle iron wooden base and sample to be 
inverted and the sample removed by applying hand pressure to the wooden 
base. The wooden base could then be slid off the sample to leave a 
homogeneous, virtually perfectly smooth sample, ready to be transferred 
to the channel sample section. 
The basic mould assembly is shown in Figure 5.13. Other frames 
were constructed to accept the samples made from the basic mould 
assembly to enable samples to be cut at an angle in order that the 
sample could be laid in the models horizontally, i. e. horizontal layers 
with vertical compaction, but also form the downstream and upstream 
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slopes of a model. The compaction and sample forming apparatus is shown 
in Plate 5.9. 
5.14.4 Laying out the Model 
Laying out the model, whether for tests in Series I or Series II, 
involved placing one or more of the samples prepared in the manner 
described in the previous section into the channel. 
Series I experiments involved one sample only placed in the 'sample 
section' of the channel, a palette knife being used to smooth the clay 
against the side of the channel and the base of the channel. 
Samples for experiments in Series II experiments were formed in 
the same manner but the ends cut to an angle in order that when placed 
one on top of the other the obliquely-cut faces formed the required 
downstream slope. The top and bottom faces of the sample were roughened_ 
to ensure some bond between layers. Final preparation of the surface 
involved smoothing with a palette knife. 
5.15 Determination of Experimental Data 
5.15.1 Initial Soil Properties 
The density of the sample was accurately determined before 
placement of the sample in the channel by weighing the sample on a 
balance accurate to 0.25 g, and by knowledge of the sample volume the 
density could be calculated. 
" Due to the possibility of frictional effects at the boundary of 
the clay sample with the channel wall, it was decided to monitor 
erosion by weighing the remaining material at the end of the test within 
an area in the centre of the sample. This 'sub-sample' was 200 milli- 
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PLATE 5.9: Compaction and Sample Forming Apparatus 
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metres long and 150 millimetres wide. Material outside this area in 
the centre of the sample could be used, if required, to measure shear 
strength of the sample using the hand shear vane. 
Six values of shear strength were usually obtained using the vane 
at various depths of penetration and the mean shear strength obtained 
used for calculation. Local disturbance of the clay due to the vane was 
smoothed with a palette knife before the test commenced. 
5.15.2 Test Procedure 
The manometer reading corresponding to the desired discharge for 
the test was read from the manometer reading v. discharge graph 
(Appendix C, Figure Cl). The flow regulating valve on the pump was 
opened allowing water to be pumped from the lower tank to the upper 
tank until the manometers recorded the required discharge. A stopclock 
was started as soon is water began to flow over the sample. Water 
temperature was monitored by a thermometer placed in the lower tank. 
The depth of flow was measured using the depth gauge and at the 
same time the Pitot tube was used at three sections across the channel 
and four depths, as shown in Figure 5.14, in order that the velocity 
distribution. could be determined. 
The concentration of suspended solids in the water was calculated 
before the test began using the apparatus described in Section 5.8. 
Sailes. were collected at intervals of 21 minutes for the first 10 
minutes and at intervals of 5 minutes thereafter. The samples were 
filtered in the manner already described using apparatus shown 
schematically in Figure 5.15. The change in suspended solid concentration 
as the test progressed could thus be calculated. 
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On completion of the test, which in the case of sample tests in 
Series I was at the end of 50 minutes, chosen because this was the 
time at which samples formed at low bulk densities began to break up, 
although some tests were run for longer periods, the valve controlling 
flow was closed and the pump switched off. The shear strength of the 
sample after the test was found by using the hand vane and then the 
sub-sample cutter, shown in Figure 5.16, was used to cut a sub-sample 
from the centre of the test specimen. The cutter, of known weight, and 
sub-sample could then be weighed to enable the loss in weight of the 
sub-sample due to erosion to be evaluated. 
-- Buchner 
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FIGURE 5.15: Suspended Solid Filtering Apparatus 
The remaining material was also weighed to verify whether the 
channel walls had any effect on the erosion process. This provided a 
check, in as much as the erosion rates per unit time and per unit area 
could be calculated for the full sample and for the sub-sample and 
compared. The final moisture content of the sample was obtained by 
taking a sample from the test material and in addition moisture content 
was calculated for samples taken at depths of 10,20,30 and 40 
millimetres. 'Still' photography was used in some tests from Series I 
to record the final condition of the clay sample. 
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Series II tests were designed primarily to study the mechanism of 
failure due to overtopping. Time lapse photography was used on 
occasions to record the failure process. Processed films could be 
shown on a projector with a facility that allowed the film to be 
advanced one frame at a time enabling the erosion mechanism and process 
to be studied. 
Swelling tests were carried out on material having the saw 
properties as that used in the channel tests. Cylindrical sample, 100 
millimetres in diameter and 40 millimetres deep, were formed in the 
apparatus shown in Plate 5.6 to the desired density and moisture content 
and then extruded into the apparatus shown in Figure S. S. The perforated 
circular disc and the rods were then placed in the soil surface and the 
two gauges moved to make contact with the top of the rods. After 
zeroing the gauges, the material and overlying plate were covered with 
water to a depth similar to that experienced in the channel. 
Readings of the extensometers were taken every 21 minutes for the 
first 10 minutes and at intervals of 5 minutes thereafter until 1 hour, 
when they were then taken hourly. Readings were taken until there was 
no further change, i. e. less than 0.25 j. in a 24 hour period. 
5.16 Sample Calculation 
Date of test: 30.7.76 
Clay: Standard - no sand 
Weight: 9.696 kg 
Volwne of sample: 5.14 x 10 -3 m3 
Density of sample: 1886.38 kg/m3 
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Initial moisture content 
Shear Vane Readings 
= weight of water 
weight of solids 
= 17.92 
80.42 
= 22.28% 
Penetration Shear Vane Reading Shear Strength 
(mmm) o m 
30 60 24.52 
20 36.5 24.02 
10 24.0 30.39 
10 25.5 30.54 
20 39 26.00 
30 67.5 27.76 
10 21.5 26.96 
20 39 26.00 
30 66.5 27.65 
Slope of Channel: 
Depth of Flow: 
Discharge: 
Calculated Average Velocity: 
150 
14.6 mm 
10.3 1/sec. 
4 
A 
= 2.82 m/sec 
21S 
Pitot-Tube Readings 
D th f ea on 
Pitot Tube mm Velocities s rom ep 
Surface (mm) Section I Centre Section II Section I 
Centre Section II Line Line 
7.6 400 410 400 2.67 2.73 2.67 
8.2 250 290 285 2.06 2.24 2.22 
9.3 235 275 260 1.98 2.17 2.10 
These values can be plotted to produce a velocity distribution, as will 
be shown in Chapter 6. 
Weight of 'sampler': 
Weight of 'sampler' + clay 
sub-sample: 
Weight of clay 'sub-sample' 
Volume of sub-sample 
(before erosion): 
Assumed initial weight of sample: 
1.065 kg 
3.199 kg 
2.134 kg 
1.2 x 10 
3 
m2 
= density x volume 
= 1886.38 kg/m3 x 1.2 x 10-3 
m 
= 2.263 kg 
. 
ý. Loss in weight of 'sub-sample': 0.129 kg 
Total weight of clay remaining at end of test = 8.351 
Total loss in weight of clay sample = 1.245 ýZ 
216 
Duration of test 
Temperature of water 
- 50 mins 
- 210C 
Loss in weight/unit time - 42.68gm/min (large sample) 
Loss in weight/unit time - 2.60gm/min 
(sub-sample) 
Loss in weight/unit area - 9688gm/m2 (large sample) 
Loss in weight/unit area - 4321gm/m2 (sub-sample) 
Ratio of areas: - 3.67 :1 (large sample to sub sample) 
(N. B. It can be seen that the figures for the large sample and for 
the 'sub-sample' do not show good correlation with sample size but these 
results are from an early test when the experimental programme was in 
its infancy and a good experimental technique had not been established. 
It will be noticeable in later results, when sample forming techniques 
had been perfected, that a better correlation was established). 
Moisture Contents 
The moisture content at various depths within the sample was 
calculated at the end of every test in addition to a check on the 
moisture content of the clay obtained from a sample of full thickness. 
Typical results will be presented graphically in the next chapter. 
Sediment Sampling The following results were obtained: - 
Sampling time (minn) 
0 
Sediment Concentration (gm/litre) 
2.5 
5.0 
7.5 
10.0 
15.0 
20.0 
0 
0.140 
0.160 
0.175 
0.190 
0.210 
0.220 
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Sampling time (mins) Sediment Concentration (gm/litre) 
25.0 0.250 
30.0 0.264 
35.0 0.246 
40.0 0.320 
45.0 0.330 
50.0 0.354 
The above figures are shown graphically in Figure 5.17 which indicates 
an initial high rate of change of concentration of material, reducing 
to a lesser value after several minutes. 
Swelling 
The results of a typical swelling test are shown graphically in 
Figure 5.18. Again an initial high rate of swelling is shown which 
gradually reduces until swelling virtually ceases. 
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Notes from Series II Test 53 
Date of test: 5.4.1978 
Model: - Cross-section as shown in Figure 5.19 
Cross-sectional area 219860 M2 
Width of Model 252 mm 
Volume of Mwdel 5.54 x 10-2 m3 
M/C 19.75% 
density (bulk) 1985 kg/m3 
Head over crest 65 non 
Head over toe (pt A) 14.4 nffn (at start of test) 
Manometer reädings 410 nun 
Discharge 11 litres/sec 
Duration of test 9 hours 
Test 
1. Immediate plucking and removal of small pieces of clay 
occurred at the toe at the interface between channel and 
clay, where velocity and turbulence were highest. 
2.20 min -a vertical step 10 mm high, had formed at toe 
and in addition erosion was taking place on sloping face of dam 
3.25 min - rounding of crest and isolated 'pock' marks on 
downstream face. 
4.1 hr - plucking from crest - step feature forming 120 mm 
down from crest measured down the slope, and at approximately 
300 mit intervals. By this time the toe had receded 180 mm, 
measured down the slope. 
5.2 hrs - increased surface erosion - extending to the area 
between the steps. 
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FIGURE 5.19: Model and Erosion Process for Series II, Test 53 
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PLATE 5.10: Series II, Test 53; Model before test. 
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PLATE 5.11: Series II, Test S3; Initiation of Erosion 
just below the Crest -2 hours after start of test 
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PLATE 5.12: Series II, Test 53; Erosion at the Toe of 
the Model - 40 mins. after start of test 
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PLATE 5.13: Series IT, Test 53; Erosion at the Toe of the 
Model - 40 mans. after start of test 
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PIAIT 5.14: Series IT, Test 53; Erosion Pattern - 
4 hours after start of test 
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S. - Flat of steps sloped at 70 from horizontal. 
Toe now receded 200 mm. 
6.61 hrs - 1st step 60 mm high 
Lowest step 60 mm high 
The erosion pattern and process is shown in Figure 5.19 and Plates 
5.10,5.11,5.12,5.13 and 5.14. 
5.17 Conclusion 
Chapter Five describes the development of the experimental 
programme, the apparatus and the procedure, together with the results of 
tests carried out to establish the basic engineering properties of the 
test material and of the 'modified' material. 
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CHAPTER SIX 
PRESENTATION AND DISCUSSION OF 
EXPERIMENTAL RESULTS 
6.1 Introduction 
This chapter presents the experimental observations and results, 
which are then, where appropriate, discussed with reference to the 
following: - 
(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
Erosion process, mechanism and patterns 
Clay structure 
Clay. properties 
Properties of the eroding fluid 
Current construction techniques in dam engineering 
Current design in dam engineering 
It is generally observed that some soils erode easily while 
others, under the same conditions of rainfall, vegetation and 
topography erode very little. A substantial difference exists between 
cohesionless and cohesive soils in their interaction with flow induced 
" hydrodynamic forces. For instance, cohesionless material relies on the 
submerged weight of the material i. e. gravitational forces provide the 
main resistance to erosion. It is also clear that a earthfill is, in 
general, a very complex material, and that fill material is invariably 
not single sized, making graphs similar to that reproduced in Figure 6.1 
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i 
of limited use. Keen and Raczkowski178 state that the behaviour of 
most soils is largely determined by the percentage of clay that they 
contain. The following chapter will discuss the results obtained in 
the experimental investigation. 
6.2 Erosion 
6.2.1 Mechanism 
The phenomenon-of erosion due to overtopping may be said to occur 
when the fluid induced shear stresses on particles reach values great 
enough to cause particle removal from the surface. Erosion of the soil 
involves detachment and transportation of the soil. Generally soil 
detachability increases as the size of the soil particles increases and 
thus it can be seen that a clay particle is more difficult to detach 
than sand particles but is subsequently easier to transport. 
Particle removal will occur when the resultant of the induced 
forces exceeds those forces resisting motion. In the case of water 
flowing down the face of an embaniment dam, or in the case of parallel 
flow in an open channel, the resultant hydrodynamic force causing erosion 
will be a shear force, whereas in the case of problems involving exit, 
the resultant will be a tensile force and, in the case of vertically 
impinging water jets, the resultant will be a combination of impact 
and shear. Samples in a smooth flume may not be fully representative 
of the shear forces that exist since as the flow encounters the soil 
sample there is an abrupt change in bed roughness and velocity 
distribution. It is felt therefore that critical shear from average 
tractive forces cannot be used as an 'erosion index' but that the 
technique used in this investigation is superior to the rotating blades 
used by other investigators, which create a whirling effect behind the 
blade and at the edges of the sample, and is also superior to water jets. 
7711 
Particle removal was seen in these investigations to occur as 
movement of individual clay particles, or as small clay clusters 
(flocs), defined as 'surface erosion', and in some instances the 
removal of relatively large pieces of soil, defined as 'mass erosion'. 
These terms are further illustrated graphically in Figure 6.2. 
If, at any instant, there are no external forces acting on the 
clay mass, the system is in a state of temporary equilibrium, for the 
'static' conditions to which it is exposed. Imposition of an external 
force system, such as boundary shear, would create deformation. This 
may be slight, as with some small translation or rotation of individual 
particles or particle groups or, as will be explained later, be the 
result of swelling. Movement of the particles would then cause a 
re-adjustment in the force system which, if no longer stressed, would 
continue to deform. If the interparticle bond is broken and the 
freed particle entrained in the fluid then erosion could be said to 
have occurred. 
Erosion is controlled by two sets of forces: - 
(1) hydraulic. - which break and remove particles 
from the bed 
(2) resisting - which are, in the case of clay 
predominantly 
electrochemical in nature, 
but also include gravitational 
(negligible in magnitude) and viscous 
forces in the absorbed water layer 
surrounding the clay 'platelets'. 
6.2.2 Movement of particles 
Due to differential velocity distribution, the fluid past a 
. particle of soil is faster over the top of the particle than around the 
Surface Erosion 
FIGURE 6.2 : Surface and Mass Erosion 
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class erosion 
sides and, indeed, at contact between particle and boundary the fluid 
is theoretically stationary. When it is remembered that clay particles 
are effectively thin plat shaped particles with one or two of their 
dimensions much larger than the other, the bed surface will appear on 
the microscopic scale as having small surface irregularities of the 
order of a few 
R, 
while swelling, as will be explained, may result in 
particles projecting through any laminar sub-layer which might exist, 
and hence it is clear that particle size and shape are important factors 
influencing flow conditions; as shown in Figure 6.3. 
Einstein and Huoi Li 
(179) 
postulated the theory of a periodically 
forming and disintegrating laminar sub-layer, which would result in high 
stresses on the bed at the start of the formation of the layer, 
decreasing as the layer is formed. It is considered that, since the 
bed becomes rougher as erosion and swelling occurs, then a variation 
of shear stress must occur with time due to fluctuations in the surface 
of the clay. As a result there must be a variation of shear stress with 
time, and hence the tractive force is not generally uniform over the 
bed. Consequently, particular maximum values are of primary interest 
rather than average tractive force values, as used by other 
investigators, and there is not usually a constant shear stress since, 
as the erosion process begins, roughness will provide additional 
resistance to the flow, and there will be a variation of shear stress. 
It is considered that the first stage of erosion can very often 
be attributed to swelling which starts as soon as water begins to flow 
over and saturate the soil, a phenomenon to which clay soils are 
particularly susceptible by virtue of their high molecular weight and 
high silicate content. As the material swells, particles may 
a 
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laminar sub-layer 
FIGURE 6.3 : Influence of Particle Size on Flow Conditions 
Around a Particle 
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consequently project through any laminar sub-layer which might exist. 
In a partially saturated soil, such as the 'surface' of the 
downstream shoulder of an earth dam, the flow of water on the surface 
can suck out gases in the pores and carry the gas along, causing a net 
suction at the surface of the bed and resulting in cavitation. As a 
result of these processes the surface acquires a certain roughness, 
consisting of small knolls of low strength and perhaps some small 
stones projecting from the surface. 
From Bernoulli's principle it follows that, for a particle 
projecting into the flow, the fluid pressure is greater on the underside 
of a particle than on the upperside, and as a consequence a net upward 
force is exerted on a particle. At the rear of a particle, and assisted 
by the contraction of streamline flow past a particle, there exists a 
negative pressure which assists in the removal of clay particles and 
small stones, and it is clear that if these particles slide over the 
surface they are likely to have an additional abrasive effect. As soon 
as the net upward force becomes larger than the submerged weight of the 
particle, the particle will move up from the bed and become 
incorporated in the flow pattern. White(180) suggested that the net 
upward force on a particle was very small, but in 1961, Hinze(181) 
showed the lift force to be comparable in magnitude with the drag force. 
As particles move away from the bed the lift force decreases 
rapidly, since the magnitude of the lift force is related to the rapid 
decrease in the velocity gradient, and therefore pressure gradient, 
at increasing distances from the boundary surface. A position is 
reached where the lift force is smaller than the submerged weight of the 
particle and here deceleration, and eventually acceleration back 
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towards the bed, begins. In the absence of drag forces a particle 
could be expected to oscillate continuously about a critical height 
at which the lift force and the submerged weight are equal. Super- 
imposition of the drag forces on the motion as described results in 
an overall 'bouncing' motion in the direction of flow known as 
saltation as shown in Figure 6.4. The height of bounce, (h), is 
directly proportional to the ratio of particle density to fluid 
density. 
In addition to material carried along by saltation some material 
was observed to be carried in suspension, i. e. remaining in suspension 
without contact with the streambed, and the remainder as bed-load - 
material in almost continuous contact with the streambed. 
6.2.3 Removal of a Single Particle 
It was stated earlier in this Chapter that the surface clay 
particles form protrusions which are large compared to the water 
molecules. They are therefore subjected to hydrodynamic forces which 
can be resolved into a drag force in the direction of flow, and a lift 
force, normal to the drag force. 
After swelling the surface particles will probably have suffered 
a slight reorientation. The edge of each particle will in general 
be attached to some low spot of the surface irregularities of some 
other particle. Thus a connection will be formed, perhaps surrounded 
by adsorbed water, and the particles may actually be in direct contact 
or be separated only by a few molecules thickness of the adsorbed water. 
Due to the nature of the forces acting between the two particles and 
the viscous properties of the adsorbed water the connection will possess 
some flexibility, and will therefore deform and yield plastically or 
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FIGURE 6.4 : Saltation 
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elastically if subject to a small rotation. However, if the upper 
surface clay particles are attached to only one end, and the other end 
is completely free to rotate, application of a moment will induce high 
tensile stresses at. the connection which may break the connection 
between particles. The particle will then be picked up by the drag 
and uplift forces and taken into the flow. If the particle is 
supported at more than one point there is still a possibility of failure 
due to bending stresses at some critical position within the particle. 
Each 'interior' particle will be attached to at least two other 
particles and the entire system forms a statistically highly 
indeterminate three-dimensional framework. Shear failure of this 
framework will occur within the soil mass when the strength of the 
connections or of the particles themselves is exceeded. 
It is thus evident that the surface particles have at least one 
connection less than the 'interior' particles and that some are subject 
to hydrodynamic forces which induce bending stresses at interparticle 
connections. In addition surface particles are subject to the 
phenomenon of swelling, alteration in the double layer thickness, and 
the distribution of adsorbed cations, all of which will affect the 
equilibrium of the soil system. 
Obviously the minimum rather than the average interparticle 
cohesive bond governs erosion, since particles can easily be removed 
if a few weak connections are broken, whereas the macroscopic shear 
strength will be governed by some average value of the interparticle 
cohesive bond. 
6.2.4 Removal of a 'Floc' 
" In a flocculated structure the basic units are small clusters 
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of particles called 'flocs'. A flocculated clay can consist of 'floc 
aggregates', groups of 'flocs', and these 'floc aggregates' can group 
together to create an 'aggregate network' in a state of equilibrium. 
If subsequently consolidated by a load at the surface, the voids in the 
'floc aggregate' network will, reduce and a new equilibrium position 
would be achieved. A further increase in load will lead to a state 
where the aggregates will be at their densest spacing but still 
maintaining their original interparticle floc distance. Yet further 
increase in load will cause bonds between flocs to yield, and to move 
into stable positions, making the clay denser and eventually will 
cause flocs to deform. The inter-floc voids will then disappear, 
maintaining the average density of the same order as the original 
density of the flocs. Any further increase in load will result in a 
decrease in interfloc particle spacing. 
If stress is applied to each of these states then it is clear 
that clay in the first state will fail along some plane containing 
the points of contact between aggregates while in the final state the 
failure plane will have to pass through a much larger number of bonded 
contact points and hence have a higher shear strength (since the shear 
strength is proportional to the number of particle contacts). 
When subject to erosion, the surface of the first state will 
have a similar floc density to one of the later states and, although 
the surface will be more irregular, these irregularities are of the 
order of only a few microns. The surface behaviour of the surface 
layer will be similar in both cases but if the hydrodynamic forces 
are sufficiently large to induce mass shear the erosion rate will be 
higher in state first described. 
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6.2.5 Mass Erosion 
Mass erosion occurs when the flow induced forces on the bed cause 
mass shear stresses which exceed the soil strength along some microscopic 
scale and deep seated plane. The same type of failure may also be 
caused by other physico-chemical phenomena, such as swelling, and 
represents a cause of rapid failure. In general, mass erosion may occur 
if the induced shear stresses are considerably larger than the macroscopic 
shear strength of the bed. 
6.2.6 Resulting form of the Bed 
The surface of the bed after a test was generally flat; with an 
even pattern of ripples approximately 2 mit high confirming uniform drag. 
The form of the bed after a period of erosion for a Series I and a 
Series II test can be seen in Plates 6.1 and 6.2 respectively. Where 
small stones occurred in the bed, the stone often caused the water to 
erode the bed to a greater extent than elsewhere on the downstream side 
of the stone creating. small 'pock-marks' or holes, even though the 
stones were only the order of 5 mm square and 1 or 2 mm thick. 
Figure 6.5 illustrates this form of erosion. 
Another form of erosion was noticed during the experimental 
programme; these were 'pockets' of erosion as shown in Figure 6.6, where 
eddies whirled pebbles about and gradually eroded a deeper hole. 
Partheniades(182) found that a straight narrow groove was eroded 
near the centre of a clay bed which was tested, while the rest of the 
bed remained flat with small irregularities. This type of erosion 
pattern is the type which would be associated with secondary current 
generated along channel boundaries. These currents were observed and 
described by Prandtl(183)and proved experimentally by Einstein and Li(18k) 
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PLATE 6.1 : Series I, Test 12 - Resulting Form of Bed 
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FIGURE 6.6 : Erosion due to Small Stones and Local Depressions 
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particles move up and carried away 
by flow 
to be caused by the frictional boundaries. 
The downward velocity components of the water at the outer part 
of the channel set up two boundary layers across the channel bottom. 
In a straight channel two boundary layers can be formed from the walls 
and within these the water can move in opposite directions("'). These 
layers join each other near the centre of the flume where a narrow zone of 
high turbulence is created, which would obviously tend to cut a narrow 
groove near the centre of the channel. 
The secondary currents affect the time variation of the shear 
stress at any point, although the time average shear strength may remain 
the same. Secondary currents are not accounted for in quasi-analytical 
methods and tend to make velocity distributions, and hence wall shear 
stress distributions, highly complex by the super-imposition of cross- 
flow components on the uni-directional base flow. 
6.3 Formation of a Breach 
If the inflow to an impounding reservoir is such that the 
retaining embankment is overtopped over a considerable length, or if 
'local' overtopping occurs due to settlement of the crest, erosion 
will generally quickly concentrate and develop in one area, at the 
weakest or the lowest point, although some mass movement of the turf and 
topsoil may also occur and gullies will be cut into this upper layer. 
The breach formation observed during the course of this research 
was found to follow the same form as that found in earlier experiments(1B0. 
The model tests in this earlier series were constructed in pulverised 
fuel ash (P. F. A. ) which was found to have a finite value of cohesion 
and to possess some of the properties of clay. 
In tests carried out during the course of the current research, 
a 
246 
yý 
-1-4 it 
ýý 
r'J 
Alf lp 
PLATE 6.3 : Step Features on the Downstream Face of 
a P. F. A. Model 
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as with earlier tests, several striking features were observed. 
Overtopping waters were seen to cause a rounding of the crest 
and, at the same time, to form what will be described as a "step-feature" 
near the crest. This feature was repeated at fairly regular intervals 
down the downstream face, the step nearest the crest being the most 
prominent. In some cases, where the toe of the models met the base 
of the test channel, a further 'step' feature occurred. Plate 6.3 
illustrates the step feature found in one of the early P. F. A. models. 
The 'step' feature forms in a manner similar to that in which a 
waterfall erodes; establishing a vertical face, with some undercutting 
if the water clings to the face, and a plunge pool at the base of the 
face. 
As already said, the uppermost step was the most prominent in the 
investigations here described, and as erosion of the vertical face of 
the uppermost step takes place the step recedes towards the upstream 
face, just as a waterfall recedes and forms a 'gorge of recession', 
until at some point the water pressure on the upstream face causes a 
breach through the bank. Once this occurs a channel has been eroded 
through the upper part of the bank with, in the case of cohesive soils, 
vertical sides. Reservoir storage will, at this stage, cause an increase 
in discharge. 
Stability of the vertical sides will depend on whether any under- 
cutting-occurs and on the Culmann theory: - 
For a stream cutting vertically down in clay the critical height 
(Hc) before instability occurs is given by: 
Hc = 
4c sin i cos O 
YB [1 - cos (i - 0) 
0 
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the symbols being defined in Figure 6.7, and YB being the bulk density 
of the soil. 
Assuming that the failure surface is a plane passing through 
the toe of the slope 
Hc _ 
2c sin i 
YB sin (i - a) (sin a- cosatani) 
Field observations have shown that this expression is often 
satisfactory for vertical slopes 
If a= (i } O) 
4c sin i cos 0 
Y [1 - cos (i - O) J 
and if the stream cuts vertically then i= '/2 
HC _ 
4c cos 0 
YB 1- sin ýb 
or written in a common form 
HC _ 
4c tan + 
YB 
[42 
2 
Hence instability of the vertical face can be predicted. 
Instability of the vertical faces of the breach occurred in 
several P. F. A. models, the unstable material falling into the breach 
and being carried away. Erosion continues through this channel, 
deepening the channel until the reservoir is empty (or storage is 
insufficient to maintain further flow sufficient for continued erosion 
in the case of smaller reservoirs). 
On the upstream face, as more and more water is"channelled" 
0 
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towards the breach a widening of the upstream end of the channel occurs 
as shown in Figure 6.8 and may result in some undercutting of the 
upstream end of the channel which again can cause sections of the 
crest to fall into the breach and to be carried away. 
The tests reinforced observations by Foster and Martins(187) and 
by White and Gayed(' 88) that the shape of the eroding face depends on the 
nature of the material. In the case of uniformly graded cohesionless 
material without fines, the slope of the eroding faces are gradual and 
the material rolls continuously into the flow, but for materials with 
some apparent cohesion, or mechanical interlocking, the face stands closer 
to the vertical and some undercutting is possible. 
If the dam sits on an erodible base a deep plunge pool will be 
formed at the junction of the toe of the bank and the original ground 
due to turbulence. If the base is not susceptible to erosion then the 
turbulence caused at the toe will result in material being eroded from 
the toe of the bank and a step feature being formed as shown in 
Figure 6.9. 
In addition, theoretically at least, the toe is where the 
overtopping water will attain its highest velocity. 
Until the channel forms through the embanlcnent the erosion process 
will obviously cause roughening of the downstream slope which in turn 
causes turbulence and hence increased erosion. 
" Observation of the models suggests that if any discontinuity 
exists then surface damage is likely to occur as the result of local 
turbulence. Holes caused by projecting stones or stones being whirled 
around them result in the streamlines flowing into the hole attacking 
the downstream edge, turning the water back, taking suspended material 
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FIGURE 6.8 : Erosion of the Upstream Face by Channellin 
FIGURE 6.9 : Erosion of the Toe 
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with it, and attacking the rear face. As the water moves the particles 
up the back of the void these particles are captured by the main flow 
and removed. In some cases undercutting will eventually result in the 
removal of large pieces of the bed. This process is shown in Figure 6.6. 
If filter zones exist within the embankment shoulder then these 
zones, being granular material, will erode more quickly than the 
surrounding cohesive material, and it is also clear that berms on the 
downstream shoulder will affect the erosion pattern. Berms will result 
in increased turbulence at the junction of the berm with the downstream 
slope and cause the formation of a step feature. This feature may be 
observed on the photographs of the Enclides da Cunha dam in Brazil, 
which failed by overtopping in 1978 (pages 111 and 112). 
It is interesting to note that the 'step feature was recorded in 
the eyewitness report of the much earlier failure of the South Fork Dam 
in 1889. 
"the water running into this hole cut 
away the breast in the form of a step" 
(See page 104) 
It is thought that the 'step' feature results from the change in 
velocity of the overtopping waters as they flow down the downstream 
face. 
Assuming the velocity of the water as it crosses the crest to be 
negligible, and assuming topsoil and grass to have been removed, then 
as the water flows down the face it will accelerate to some point where 
the induced hydrodynamic forces, coupled with the effect of swelling, 
will cause removal of the particles and the formation of a hole. Water 
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flowing into this hole forms a plunge pool and the vertical 'step' 
feature. Water leaving the plunge pool will have decreased in 
velocity and will again accelerate down the slope again until at some 
point the hydrodynamic forces will be such that another step is formed. 
This theory thus explains why the step features are fairly evenly 
spaced down the face. This process is shown in Figure 6.10, the full process 
being shown in Figure 6.11a and 6.11b. 
6.4 Breaching of a 'Cored'Dam 
If a dam composed of an impervious clay core with granular 
upstream and downstream shoulders is overtopped, then as shown by tests 
carried out by the Author(186), Esmai1(189; Jayasinghe(' °) and 
Tunney(191), the downstream shoulder erodes comparatively quickly, 
leaving the core unsupported and standing as a cantilever. The core 
then acts as a weir until failure occurs. This phenomenon was observed 
with the Cowlyd dam in 1924, albeit with a concrete core. Jayasinghe(190) 
observed cracks in the core, just before failure similar to those shown 
in Figure 6.11, and similar to those one would expect from a core 
restrained on three sides, as one would have in the case of concentrated 
flow through a channel eroded within an embankment. 
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FIGURE 6.11a : Stages in the Development of aBreach 
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6.5 Effect of Temperature on Erosion 
In the laboratory tests. described temperature was made an 
independent variable by keeping the temperature of both the laboratory 
and the water constant; in actual fact, throughout the course of the 
Series I and Series II experiments the temperature of the water in the 
closed cycle experimental rig did not vary by more than ± 10 C from a 
nominal 21° C, the temperature being monitored by a thermometer installed 
in the downstream tank. 
Theoretically, and in some circumstances practically, the capacity 
of a stream to carry suspended sediment is inversely linked to water 
temperature (192). 
6.6 Effect of Suspended Solids on Erosion 
Two tests of Series I were run using clays with the same 
0 
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engineering characteristics and subjected to the same velocity of 
flow for the same period of time. One test run employed'clean'water 
and the other 'dirty' water, i. e. water which contained a significant 
amount of suspended solids. The results, shown in Table 6.1 indicate 
that the concentration of the suspended solids of the eroding water 
has no significant effect on the rate of erosion, at least for 
concentrations up to 1.0 gm/litre of solids. 
amount of material 
velocity eroded during test 
(m/sec) (kg) 
'clean' water 2.86 1.954 
'dirty' water 2.86 1.928 
(mean of two tests) 
TABLE 6.1 : Suspended Solid Tests 
Although these results indicated that the concentration of 
suspended solids did not significantly affect the results of the tests, 
the experimental apparatus was always purged at high speed without 
samples, prior to any test run to disturb sediment which might have 
settled in the pipes, tanks etc. From a practical standpoint it was 
found necessary to change the water in the experimental apparatus 
after two or three experimental runs because of the difficulty 
experienced in observing erosion processes and taking photographs 
when the water contained higher concentrations of suspended solids. 
6.7 Initiation of Erosion 
One test, in Series I, was carried out to determine the velocity 
of flow at which erosion began. A sample was installed in the test 
0 
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channel and flow rates were gradually increased by small increments 
of 2 litres per second, allowing sufficient time between increments 
to ensure that stable conditions were achieved. 
Samples of the eroding water were taken at each stage ii order 
that the amount of material eroded could be determined and the velocity 
at which erosion commenced calculated. 
The graph of mean velocity against suspended solids is shown 
in Figure 6.13. The following observations and deductions were made, 
all velocities quoted being average values 
(1) at 1.0"m/sec no motion of solids was observed 
(2) at 1.4 m/sec some particles went into suspension 
but the concentration of suspended solids remained 
constant after a few minutes indicating removal of 
'loose' particles but suggesting that erosion of 
the sample as a whole had not cormnenced. 
(3) at 1.75 m/sec a slow but definite increase in the 
concentration of suspended solids marks the 
beginning of erosion. 
(4) at approximately 2.2 m/sec a marked increase in 
the concentration of suspended solids indicated the 
cornnencement of mass erosion and the removal of flocs. 
The results of this test are tabulated in Appendix F and it may 
be noted that for this clay, at least at the density and moisture 
content employed in this particular test, the velocity at which 
erosion began was somewhat higher than that suggested by Webber("s) 
and quoted in Section 5.2. 
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6.8 Swelling 
Swelling may be said to have occurred in a soil when dimensions 
become enlarged and cohesion is diminished but the soil does not lose 
its apparent homogeneity. 
It has already been established that the water in the multiphase 
structure of a soil consists of a fluid in an 'absorbed' and in a 
'free' state. Absorbed water is that attracted by forces within the 
soil matrix strong enough to influence its behaviour, and consists of 
an inner layer immediately adjacent to the soil particles (adsorbed layer), 
and an outer layer which is partially bonded to the particles. Free 
water, on the other hand, behaves as a normal fluid with respect to 
flow etc. 
A soil, by virtue of its composition, will attempt to imbibe 
water until it has sufficient water to fully develop its double layer. 
Swelling occurs as the soil takes in water, resulting in a decrease in 
cohesion as the interparticle distance increases until a maximum 
eventually occurs. Swelling results in the blocking or partial 
blocking of the larger pores and, as the flow through a pore is 
proportional to the fourth power of the pore radius(193), then 
appreciable decreases in permeability may result when the amount of 
swelling is large. 
Swelling will also occur, due to movement of water to the surface 
of the clay particles when the concentration of salts is lower in the 
eroding fluid than in the soil pore fluid, since the osmotic potential 
of the eroding fluid is less than that of the soil solution. 
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As overtopping occurs the migration of water into the surface 
layers can lead to local swelling, resulting in movement of particles 
and a reduction in the bonds between particles which, coupled with the 
applied hydrodynamic stresses and turbulence generated by the eroding 
waters can lead to the removal of individual particles and flocs. 
The log time v. swelling curves for the 'standard' clay and for 
clay containing 5%, 10%, 15% and 20% of sand by weight of the amount of 
clay in the sample are shown in Figures 6.14,6.15,6.16,6.17 and 6.18. 
All graphs show an irmnediate tendency to swell as soon as the 
water comes into contact with the soil. 
It can be seen that the results for each series of tests show 
that the lower the moisture content of the bed material the greater 
the amount of swelling and the shorter the time to reach the same 
degree of swelling, or in other words decreasing the moisture content 
of a soil will increase the tendency of that soil to swell. 
Only one test sample showed a tendency to shrink but this 
quickly reverted to a swelling, and may have arisen from insufficient 
care being taken to ensure that the sample was in contact with the 
porous base plate and the aluminium disc during installation. 
It can be seen that all tests exhibited an initial rapid but 
fairly constant, rate of swelling, the rate increasing as the moisture 
content decreased. This was followed by a period when the rate of 
swelling reduced gradually to zero. 
Figure 6.19 compares the swelling of all the 'modified' soils 
at various moisture contents, with the amount of clay in the sample 
tested. A linear relationship between the amount of swelling and the 
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percentage of clay in a soil is indicated, dependent on the moisture 
content. The results plotted in Figure 6.19 have been adjusted and 
plotted against the percentage of clay in the mix, the latter 
obviously decreasing as the percentage of sand added to the soil 
increases. The result obtained is similar to that reported by Keen 
and Raczkowski(19'`), insofar as a linear relationship was obtained 
between swelling and the percentage of clay in a soil, but Keen and 
Raczkowski's results showed no dependence on moisture content as shown 
here in Figure 6.20. 
Swelling may cause slight changes in particle orientation; small 
rotations of the particles occur and hence the particle arrangement 
will deviate from a generally horizontally dispersed structure to a 
less dispersed form. 
6.9 Effect of The Chemistry of the Eroding Water 
It is clear that the chemistry of the eroding fluid can effect 
the erosion process since, if the salt concentration of the eroding 
fluid is less than that of the pore fluid of the soil. An initially 
flocculated structure will change to a dispersed structure, perhaps 
leading to a marked reduction in attractive forces between particles 
and thus to reduced resistance to erosion(195). 
In general, erosion can result from a decrease in or an exchange 
of, pore fluid-cations which reduces the magnitude of interparticle 
forces. In addition, research has shown that the lower the content 
of dissolved salts in the water the greater the susceptibility of the 
clay to erosion(19 s) . 
However, to keep the chemistry of the eroding fluid an independent 
variable all tests were run with mains water so that a comparative 
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study could be made. 
Chemical analyses of the mains water before and after tests 
were carried out and showed a slight increase in the chloride content 
of the water as shown in Table 6.2 
chloride content (mean values) 
before test )after test (after 2 tests)) 
34 mg/1 1 55 mg/1 
TABLE 6.2 : Chloride Contents of Eroding Fluid 
In addition a slight increase in the pH of the water was 
apparent as shown in Table 6.3 
pH of eroding fluid 
before test. after test (after 2 tests) 
7.3 7.7 
TABLE 6.3 : pH Values of Eroding Fluid 
". 6.10 Suspended Solids 
The concentration of suspended solids was found for each test 
by the methods outlined in Section 5.8. The results of several tests 
are shown in Figures 6.21,6.22,6.23,6.24,6.25,6.26 and 6.27. 
It will be noticed that most of the curves are of the same general 
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form, consisting of a steep initial phase, indicating a rapid, constant 
erosion rate and an increase in the concentration of suspended solids, 
followed by a second flatter phase. 
The straight line relationship again indicates a constant but 
lesser rate of erosion. The examples shown which do not follow this 
pattern will be discussed in detail later in this section. 
The general foi'm of the graphs obtained is slightly different 
from those obtained by other research(195), in that earlier results 
were of the form shown in Figure 6.28 with an initial section at a constant 
erosion rate followed by a reduction in erosion and a tendency to a 
steady state condition where no subsequent erosion took place. 
A typical result from the present investigation is shown in 
Figure 6.29; it must be remembered, however, that the time scale for 
Figure 6.28 was much larger than that for Figure 6.29. However, 
evidence from Series II experiments suggests that a steady state 
condition would not occur on the downstream face of a dam. The 
various sections indicated in Figure 6.29 may be explained in the 
following manner: - 
1. Section 1- 'clouding' of water due to material 
carried in suspension - dispersion of platlets of 
clay as water is absorbed - swelling - loss of 
adhesion and reduction in cohesion - erosion of the 
surface as a whole. 
2. Section 2- slight reduction in the rate of erosion 
as 'local', areas are eroded rather than the full 
surface of the bed, coupled with increased turbulence. 
3. Section 3- if this final section appears it 
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signified an increase in the rate of erosion, caused 
by the detachment of flocs and/or mass erosion, 
accompanied by increased turbulence. 
Tests run with soils having an initial molding moisture content 
of less than about 20% resulted in mass erosion and disintegration of 
samples. 
6.10.1 Unusual Forms of Suspended Solid v. Time Graphs 
Figures 6.24 and 6.25 in particular present curves which 
indicate a tendency to an 'infinite' rate of erosion. This was due to 
mass erosion of the bed samples from the start of the experimental run 
attributable, in some early tests, to non-uniform compaction causing 
areas of low density and low moisture content. 
6.11 Effect of Permeability on Erosion 
The amount of water absorbed by a soil is influenced by the 
degree of mechanical compaction and the soil type and structure. 
Lutz("') states that high permeability leads to rapid absorption and 
that the quantity of water absorbed by a soil is affected by the amount 
of organic material present and by the swelling properties of the soil 
colloids. 
It may be argued that if a soil is permeable then some water is 
taken in through the open pores, and less is available for run-off. 
This may be significant where the total amount of water involved is 
small but in the case of overtopping flows the amount of water taken 
in by the soil would be negligible. If, however, a soil has low 
permeability, then the amount of water absorbed is relatively small 
and the consequent decrease in cohesion small, other than at or near 
the surface exposed to water. 
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6.12 Effect of Compaction on Erosion 
It is clear that compaction and the dependent variable, moisture 
content, are parameters which will affect erosion rates, a 'loose' 
material being more easily eroded than a compacted material. 
6.12.1 Historical Development 
Very little is known about compaction, construction methods 
and materials before 1902, although it is known that before 1800 
compaction was carried out by hand or foot. By 1820 cattle and sheep 
had been used in Britain, and by 1850 heavy concrete and metal rollers 
had been used in Europe. Sheepsfoot rollers had been developed for use 
on roads in 1904 but it is'thought that these rollers were not used on 
dams until 1907. 
It is evident that continuation of many older embankments has 
relied on the compaction of layers, usually about 0.3 m thick, by 
horses and wagons and, in some instances, by steam rollers with gross 
weights of 10 - 20 tonnes. By 1930 most engineers positively 
recommended compaction, mainly by the use of sheepsfoot rollers, to 
give bond between successive layers of fill. In 1933 Proctor strongly 
endorsed the use of sheepsfoot rollers because of the high unit pressures 
and kneading action they achieved and a large number of failures of 
embankment dams built between 1900 and 1920 in the United States of 
America are believed now to have been the result of insufficient 
compaction. The introduction of limit-equilibrium stability analysis 
theories and of Proctor's control procedures, or derivatives thereof, 
have resulted in fewer failures of this type. 
Most of the failures referred to above have arisen from 
excessive settlement attributable to insufficient compaction, but the 
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results of the experimental programme will show that the erosion 
characteristics of a clay are also affected by the degree of compaction 
attained and by the moisture content. 
6.12.2 Experimental Results 
The surfaces of flat 'platelets' and sheet minerals associated 
with clays and micas display considerable repulsion which resists 
compaction, and it is also known that density and moisture content 
for any soil are inter-related. A knowledge of one consequently 
predetermines the value of the other, for a given state of compaction. 
Soils which have been deposited and then compacted in-situ, or 
natural deposits which are subsequently artificially compacted, have 
structural characteristics significantly different from those of 
entirely natural soil deposits. Mechanically compacted soils lose any 
natural interparticle bonding that occurred in the parent material, 
their entire strength depending on subsequent bonding that may occur 
as the deposit is compacted. 
Each result presented in the preceding and subsequent sections 
is accompanied, and qualified by, values of bulk density. It is 
apparent from the results that density of the soil plays an important 
part in determining the amount of erosion likely to occur. 
The moisture content of the bed material was determined prior 
to and on completion of each test in Series I. The results of several 
tests are illustrated on Figures 6.30 and 6.31. It will be noted that 
as the density of the soil increases the uptake of water by the soil 
and the final moisture content relative to the initial moisture content 
decrease. 
The final structure of a soil depends to a large extent on the 
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moisture content at time of compaction since, as the moisture content 
increases, the structure becomes more orientated. It is apparent from 
Figures 6.30 and 6.31 that the final moisture content, and consequently 
the strength, of a compacted clay will depend on method of compaction, 
initial density and moisture content and, in certain cases, any surcharge 
load applied. 
A sample of soil compacted dry of the optimum moisture content 
will develop an essentially flocculated structure with relatively low 
pore water pressures, while a sample compacted dry of optimum will have 
an essentially dispersed structure and will develop much higher pore 
water pressures at low strains. 
It has been shown earlier in this chapter that, for soils soaked 
after compaction, the amount of swelling that is likely to occur depends 
on the initial structure and moisture content of the soil; swelling 
increasing as moisture content decreases. 
However, the final 'equilibriull water content can be influenced 
by a surcharge pressure. 
Generally a soil soaked after compaction will suffer an increase 
in moisture content and voliune and a decrease in dry density and shear 
strength. 
Embankment dams are examples of structures where compacted 
fills, initially placed at or near optimum moisture content, may in 
subsequent service approach saturation. In dam construction the lower 
layers, placed in the early stages of construction, are subject to 
increasing geostatic stress as the fill is raised, and the initial 
density at time of placing will be increased. For soils subject to 
high surcharge pressures, such as the lower layers of an embankment, 
0 
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that pressure will control the tendency to swell and result in a gradual 
increase in moisture content. The face layers of fill are not, however, 
subject to high surcharge pressures and consequent reduction on 
swelling. 
The moisture content of a fill material is clearly one of the 
more important parameters to be considered with respect to its 
susceptibility to erosion, but it is also an important parameter in the 
design process generally in the case of all fills of significant 
magnitude. 
A clay soil compacted dry of optimun moisture content will 
facilitate construction in as much as lower construction pore water 
pressures will be generated and there will also be less tendency for 
construction plant to get bogged down. A clay fill containing a high 
proportion of air voids will, however, display a tendency to cracking 
and a tendency to swelling. Increasing the moisture content of a 
fill from an initial value of, say, 2- 39o dry of optimum to optimum 
will substantially increase the flexibility of a compacted clay. In 
the case of embanlenent dams. it is thus more usual to use material 
slightly on the wet side of optimwn(229) producing a fill which is less 
crack susceptible, less prone to swelling and, in addition, can sustain 
some differential settlement. It must be appreciated, however, that at 
comparable moisture contents any increase in compactive effort will 
substantially decrease flexibility. 
An empirical rule commonly employed in embanlanent dam 
construction is : - 
compact first 40 - 50% of ht. from base at opt. m/c ± 1% 
compact next 40 - 50% of ht. from base at opt. m/c - 0.5% + 1.5% 
0 
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compact top 10 - 20% of ht. from base at opt. m/c + 2% 
Perhaps a primary consideration for clay soils should, however, be 
the equilibrium moisture content, since a soil compacted wet or dry of this 
final equilibrium value will subsequently shrink or swell. 
6.13 Effect of velocity of flow on erosion 
The 'erosive power' of a flowing fluid varies as the second 
power of the fluid velocity , since the carrying capacity of the water 
in terms of the maximum size of particle which can be transported varies 
as the square of the velocity, and in addition the maximum mass (or quantity) 
that can be carried by the fluid varies as the sixth power of the 
velocity, the relationship being temperature dependent. In theory, 
doubling the velocity enables water to move individual idealised 
particles of a size 64 times greater and allows a carrying capacity, in 
suspension, 32 times greater. In effect, therefore, the 'erosive power' 
is theoretically four times greater. 'Erosive power' in this context 
may be defined as the ability of the flowing fluid to carry eroded 
material away. 
Typical forms of the velocity distributions obtained during the 
experimental programme are shown in Figures 6.32 and 6.33. It can be 
seen that as one might expect, the average velocity is approximately 
8S percent of the velocity at the surface, and occurs at about 0.6 of the 
full depth below the surface. 
6.14 Reduction in shear strength 
As already outlined in Chapter Five, the shear strength of the 
bed material was measured before and after each test with a hand shear 
vane. A reduction in shear strength was observed on each occasion. 
-)7v 
Typical graphs showing the variation of shear strength both with depth 
and as a result of wetting are shown in Figures 6.34 and 6.35. 
It can be seen that, as may be anticipated, a reduction in shear 
strength takes place as the sample is wetted and swelling occurs. This 
reduction varied from a maximum of 27 percent to a minimum of 3 percent 
of the original vane shear strength. 
The greatest percentage reduction in vane shear strength for 
a particular bulk density occurred for clay samples having a 
comparatively 'high' moisture content whereas the greatest reduction 
in vane shear strength occurred with clay samples having 'low' moisture 
contents as shown in Table 6.4. No relationship is apparent linking 
moisture content, vane shear strength, and density and this is thought 
to be due to local variations in the moisture content as illustrated 
by Figure 6.36 showing the moisture content distributions within the 
clay following a test run. 
6.15 Effect of Rainfall on Erosion 
Rainfall, and the subsequent infiltration, causes a movement 
of water downward through a soil or a fill towards the water table. 
There is, as a consequence, a continuous leaching of the soil, which in 
the initial stages, may involve the removal of salts and alkalis. 
The leaching of such minerals as muscovite, biotite, 
and other clay minerals such as illite and chlorite, will tend to 
remove cations from between the silicate layers. Additionally, the 
removal of potassium and magnesium ions tends to destroy the links 
between the silicate sheets, and hence permits the entry of water 
between those sheets, with an associated rise in moisture content which 
will affect erosion rates. 
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6.16 'Modified' Clay 
As already stated the clay used in the laboratory programme was 
'modified', by the addition of sand, to obtain 'soils' with properties 
which differed from that of the original. It may be argued that such 
'artificial' materials may not exist in nature and that they are not 
truly representative of materials used in the construction of 
embankment dams, but it should be appreciated that many of the experiments 
devised are essentially for comparative purposes only, and similar 
materials may well, in fact, exist naturally. 
6.16.1 Cohesion and Moisture Content 
The relationship between cohesion, moisture content and the 
percentage of sand added to the clay is shown in Figure 6.37. For 
comparison, the curve for the 'standard' clay material is included, 
and it can be seen that for a given moisture content and density an 
increase in the percentage of sand leads, as is to be expected, to 
a reduction in cohesion. 
6.16.2 Swelling/?. L/LL 
The results of swelling tests on ' modified' clay samples 
are shown in Figures 6.15,6.16,6.17 and 6.18. It has already been 
shown that, for a particular moisture content, as the percentage 
of sand increases, the amount of swelling decreases (Figure 6.19). 
In addition the experimental results have shown that an increase 
in sand (i. e. decrease in clay content) leads to a reduction in the 
Liquid Limit and Plastic Limit of the soil and, in consequence, to 
a reduction in Plasticity Index. It will be shown that the modification 
of the soil due to the addition of sand also leads to changes in 
erosion rate. 
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6.17 Effect of Slope on Erosion 
Foster and Martin(220), using slopes of 3 : 1,2 :1 and 1: 1, 
and densities of 80-85,90 and 95 lb/ft3 (1280-1360,1440 and 1520 
kg/m3) found that, for a given unit weight, there is a unique slope, 
from which a maximum amount of erosion will occur. This theory 
was not in agreement with the conclusions of other investigators 
(2311232'233,234). 
The latter suggested that an increase in slope 
(without qualification of slope limits) results in an increase in 
soil loss. 
Foster and Martin concluded that for a given density there is 
a unique slope from which the maximum erosion will occur, or, for a 
given slope there is a given unique density for which maximum erosion 
will occur, as shown in Figure 6.38. 
Results obtained from Series II tests in this experimental 
investigation do not agree with the conclusions of Foster and Martin 
but are in general agreement with other investigators, although the 
latter investigations in test gave little information with which the 
results of these experiments could be directly compared. 
In general it was found that as the slope of the downstream 
face became steeper the amount of erosion increased. Results of a 
full range of tests in Series II are shown in Table 6.5. It can be 
observed that at first sight the amounts eroded appear to vary very 
little, but when it is considered that as the slope steepens the 
length decreases, then it can be seen that the erosion rates have 
indeed increased. This may be partly due to the theoretical increase 
in velocity as the water flows down the longer slope. 
Some tests in Series II, involving models composed of 
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YB = 1920 - 1950 kg/m3 - standard clay 
m/c = 19% 
v=2.56 m/sec (at crest) 
Period of test: 50 mins. 
Slope Length of 
Slope (nm) 
Ration Length Slope 
Length of 1: 15 slope 
Eroded 
Material 
(gm) 
Erosion 
Rate 
gm/m2 /n 
1: 1.5 360 1: 1 1804 397 
1: 2.0 447 1: 1.25 1784 316 
1: 2.5 539 1: 1.5 1720 253 
1: 3.0 632 1: 1.75 1719 216 
TABLE 6.5 : Erosion Rates for Various Slopes 
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'layered' clay samples, eroded in such a way that the step features 
coincided with the junctions of the layers of clay. It is thought that 
this was as a result of inadequate bonding between successive layers, 
a conclusion which reinforces the need to ensure that the compaction 
process is such that adequate bonding between layers is achieved. 
The erosion rates for the slopes tested are shown graphically in 
Figure 6.39. 
6.18 Erosion Rates 
The erosion rates, calculated from loss of weight in the sample 
per square metre per minute, are shown graphically for each test in 
Figures 6.40,6.41,6.42,6.43,6.44 and 6.45. 
The figures each show two curves, one for the small 'sub-sample' 
and one for the full sample. The area of the latter is 0.13 m2 while 
the area of the sub sample is 0.03 m2, the ratio of areas thus being 
4.3 : 1.0. Inspection of the graphs in figures 6.40,6.41,6.42,6.43, 
6.44 and 6.45 show fairly good agreement between results for the full 
sample and for sub-sample. 
The difference, although small, is undoubtedly due to the 
change in surface roughness as the water encounters the sample and for 
this reason it is considered that the erosion rate calculated from the 
results obtained from the sub-sample may in the event be slightly 
more accurate. 
It is also apparent that a time-dependent variation of shear 
stress must occur as non-homogeneities in the internal force system 
of a soil will result in some particles proving more resistant than 
other particles. In addition, the discontinuity at the upstream edge 
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of the clay sample may cause some variation in shear stress with 
time. 
With laminar flow the maximum shear stress on the side wall occurs 
at the free surface, while as turbulent flow occurs the position will 
change. The maximum shear stress on the channel base always occurs 
along the centre line of the cross section with laminar flow, while 
for turbulent flow the maximum shear stress may be off centre. With 
both laminar and turbulent flow present the shear stress appears to 
be zero at the base corners of the cross-section. It is also 
conceivable that the water pressure on the flow boundaries will vary 
with time and from point to point because of disturbances in the 
flow that are induced by the roughness and geometry of the sample 
itself, with the result that pressure can drop momentarily at a point, 
with water actually flowing upward and outward from the clay bed, 
carrying surface particles with it. 
Plots of erosion rate v. moisture content all show the same 
basic form, exhibiting a minimum value of rate of erosion at a 
particular moisture content, while rates of erosion increased rapidly 
at moisture contents high or low of this 'optimum'. The rate of 
increase in erosion rates appears to be fairly constant for the range 
of bulk density and velocities investigated in these experiments, and 
is approximately 55 gm/m2/min/% of moisture content. 
Erosion rates are seen to increase as the velocity of flow 
increases and also as bulk density decreases. 
The 'optimum' moisture content at which the erosion rates reach 
a minimum would appear to be sensibly constant for this clay, having a 
311 
value of 21.5 - 22%. The erosion rates quoted above are, it should 
be noted, average values calculated from loss of material during a 
50 - 60 minute test. It has already been shown that the rate of 
erosion varies during the test period, as shown by the graphs of 
suspended solid concentration, but it is felt that for the calculation 
of the amount of erosion resulting from a period of overtopping of 
50 - 60 minutes, the overall rate of erosion will enable a first 
estimate of the resultant erosion to be estimated. Further tests 
should desirably be conducted to establish the rates of erosion for 
periods in excess of 60minutes, but constraints on available time 
did not permit investigation within this experimental investigation. 
The erosion rates for a clay having a moisture content of only 
two or three percent will obviously be high, as will the erosion rates 
for a clay nearing a liquid state, and hence it is clear that the 
graphs in Figures 6.40 - 6.45 will show a tendency to even higher 
erosion rates as the moisture content is increased or decreased 
outside the range of moisture contents tested during the investigation. 
Inspection of the suspended solids graphs shows a decrease in 
suspended solid concentration for the 'high' moisture contents, 
whereas the erosion rate graphs seem to suggest that erosion rates 
should increase from a minimum value as the moisture content increases. 
The limited number of tests at higher moisture contents do not allow 
any definite conclusions to be drawn, but it is considered that the 
results obtained from bulk sample weighings are likely to be most 
accurate. The suspended solid concentration graphs should be used to 
study the erosion mechanism, and the erosion rate graphs used to 
predict the amount of erosion likely to occur due to overtopping. 
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6.19 Models 
If a model and prototype are built with corresponding 
materials exerting proportionate resistance to the dislodging of 
particles, then both must erode to a similar shape, and this at 
rates proportionate to the square root of their geometrical scale. 
If the inertia stresses completely overshadow those due to viscosity, it is 
safe to conclude that both dynamic and static pressures are 
substantially proportional to the model size, at least when the water 
exceeds 5 millimetres in depth and where the velocity exceeds 0.5 metres 
per second. Even close to the bed, where local velocities may be less, 
this conclusion remains sensibly valid, since in such locations the 
motion is turbulent, and local eddies formed by irregularities in the 
bed and set up by cross flows are many times greater than the molecular 
interchange of viscous action. Thus, the stress available for moving 
individual particles from their settings is on average proportional 
to the size of the model and the velocity available for transportation 
of loosened particles is proportional to the square root of the linear 
scale. 
In order to eliminate surface tension effects Webber(175) 
suggests that the head on any model should exceed 6 mm. 
6.20 Methods of Reducing Erosion Rates 
The erosion rate of a clay may be reduced by: 
(1) cultivation of vegetation on the surface, (i. e. grass) 
to bind the surface and shield it from direct impact 
and 'drag' effects, 
(2) protection of the surface with grouted rip-rap, or 
with some other similar, possibly proprietory, surface 
protection systems, 
(3) mixing active clay, e. g. bentonite, in the top 100 mm 
of the surface material - ion exchange can influence 
the interparticle forces, and the substitution of 
multivalent cations, in sufficient concentration to 
displace any monovalent cations in the soil, will set 
an upper limit on the amount of swelling likely to 
occur. 
6.21 Resistance to Erosion - Documented Evidence 
Documented instances of overtopping which have included 
evidence of the resistance of embankment fill material to overtopping 
include: - 
Dam Incident/Accident 
1. Baldwin Hills "It took 77 minutes to release 897 acre-ft 
(111 ha. m) of water". 
2. Buffalo Creek While under construction the dam was 
overtopped and over a period of 2.3 days 
50 x 106 yd3 (34 x 106m3) of material 
was removed. 
3. Cheaha Creek Overtopped for 3 hours. 
4. Detention Overtopped by 0.7 6m of water (average 
value) which eroded some 0.3 m of material 
off the whole of the downstream shoulder. 
5. Fort Meade A rockfill dam with a concrete upstream 
face. A1 in 100 year flood caused 
0.46 m of water to flow over the crest - 
did not fail 
6. Holden Overtopped by 0.1 m of water for 
15 minutes. 
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Malloya Overtopped by 0.38 m of water for 
6 hours - did not fail - d/s slope 
2: 1, PL = 20, LL = 37, 
Dye = 0.009, % clay = 44%, S. G. = 2.54. 
8. Nanpantan Overtopped for at least 24 hours. 
9. Oros Fill placed on the crest withstood 
overtopping by 0.5 m of water for 
several hours. 
10. Pinkstone 'Overtopped for 2 hours before any 
measurable erosion occurred. ' 
11. Pittston "It took 2 hours to release 4 million 
gallons of storage" (18 Ml) 
12. Schaeffer "It took 11, hours to release 3852 acre-ft" 
(477 ha. m) 
13. Santelle "It took 39 minutes to release 5.5 
million cubic ft. Of water" (155 t. c. m) 
14. Unknown "Overtopped by 0.80 m for 8hours before 
failure. 
Reference should be made to Appendices A and B for detailed 
information on these and other incidents. 
6.22 Failure of a Dam - Sequence of Events 
From the experiments carried out during the course of this 
investigation it is possible to suggest the sequence of events involved 
in the failure of a dam as a result of overtopping. 
The sequence of events may be as follows: - 
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(1) As inflow to the reservoir increases the reservoir level 
rises. 
(2) If a wavewall exists then the static flood level may 
encroach on the wavewall to a point where the wavewall 
becomes unstable and part of the wall collapses resulting 
in a sudden high flow across the crest at comparatively 
high head and down the face of the dam. If a break 
exists in the wall, such as a gateway to a valve tower, 
then obviously a concentration of flow will occur at this 
point. 
(3) If no wavewall exists then the water will flow across the 
crest of the dam more or less evenly unless there are 
areas of the crest which are significantly lower than the 
rest. 
(4) If the flow across the crest is even then the erosion which 
occurs on the downstream face will be comparatively even 
with gullies, forming across the entire downstream face until 
some discontinuity or variation in the fill material of the 
downstream shoulder results in local increase in erosion rates 
compared with that of the rest of the shoulder. The situation 
resulting is then the same as the concentrated flow case. 
(5) If the wavewall remains stable, and is continuous, then even 
flow would occur over the top of the wall which would act as 
a weir. Water falling to the crest at the base of the wall 
would cause undermining of th foundation and eventually the 
wall would fail, probably over a short section, resulting 
again in a concentration of flow. 
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(6) A concentration of flow is thus a highly likely occurrence, 
possibly in consequence of a low spot on the crest, as a 
result of a hole or local failure in the wavewall, or may 
possibly arise from tussocky grass or bushes/stones on the 
downstream face of an embankment. 
(7) Filter zones within the shoulder of the dam will erode 
more quickly than the more cohesive fill, but again, an area 
of concentrated flow will eventually result. 
(8) The step features previously discussed in this Chapter, will 
occur down the face and, as swelling, reduction in shear 
strengths and local erosion progress, in general the upper 
step will recede towards the crest, and thus the upstream 
face, of the embankment. There may be some small instability 
of the sides of the channel formed by the receding step, 
but this is likely to be very slight, the sides standing 
almost vertically. 
(9) If a core exists within the embankment and the material from 
which the core is constructed is very different to the material 
in the shoulder then the core will erode at a rate which will, 
in general, be less than that of the fill in the shoulders. 
As a result a 'waterfall' may occur at the interface of the 
downstream face of the core with the downstream shoulder. 
Erosion will continue on the downstream side of the core 
within the channel until the fill and water pressure on the 
upstream side of the core cause the core, now acting as a 
cantilever, to fail. The core is then carried away by flow 
in the eroded channel. If the material in the core is less 
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markedly different to that in the shoulders, and the rates 
of erosion of the materials are hence only slightly different, 
the 'waterfall' formed will be relatively low and the channel will 
recede into the upstream shoulder until, eventually, water 
pressure may break through the remaining shoulder material, 
creating a channel through the embankment. 
(10) The reservoir storage is now "channelled" towards the breach and 
the breach is further eroded along the entire length of base of 
the breach down to the base of the dam thus releasing all the 
impounded water. 
6.23 Dimensional Analysis 
Dimensional analysis allows the form of a possible relationship 
to be established in terms of definite parameters. 
Various investigators have tried to use Plasticity Index (P. I. ) 
as a measure of erodibility, a high plasticity (> 40) being relatively 
non erosive while low plasticity clay (< 25) tends to be associated 
with an erosive soil, but it is possible that two soils with the same 
P. I. may erode very differently depending upon soil structure. On 
occasions soils with no appreciable Plasticity Index may be found to 
show considerable resistance to erosion. For the reasons given above. 
P. I. has not been included as a measure of erodibility since it 
proves to be a reliable index in certain instances only. 
Assuming the amount of material eroded (E) likely to occur 
for any sample will depend upon the velocity of flow (v), the bulk 
density of the soil (TB) the surface area of the sample exposed to 
the eroding fluid (A), and the period of overtopping or duration of 
test (t) then, using Buckingham's II theorem : 
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Dimensions 
E= wt. of clay eroded M 
v= mean velocity of flow LT-1 
YB = bulk density of soil NI-3 
A= area of sample L2 
t= duration of test or period of overtopping T 
f (E, V, YB, A, t) =0 
no ofIr's=5-3 =2 
Let 11, = YBXlAY1 tZ 1v 
and 112 = YBX2AY2 tZ2 E 
For Ill 
OIL-3)xl(L2)Yi(T)Z1LT-1 = m°L°T0 
Equating M's 
xl =0 
Equating L's 
-3x1+2y1+1 =0 
_> yl =-I 
Equating T's 
zl-1 =0 
zl =1 
i. e. x1 = 0, yl = -Z, z1 =1 
. 
". n1 = 
tv 
For 11, 
IL-3) X2 (L2)y2 (T) Z2M = M°L°T° 
Equating M's 
x2+1 =0 
x2 =-1 
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Equating L's 
- 3x, + 2y2 =0 
3+ 2y, ß =0 
Y2 =3 
Equating T's 
z2 =0 
3 
i. e. x, 1, y2 = -ý-, z2 =0 
"E 
. 112= Y-$3/ 
Since H1 = k112 where k is a constant 
E=k tv 
1B"3/2 A, 
LS 
E= YBA 
/2k tv 
A 14 
or = k2YBA tv where k2 is another constant. 
Applying this equation to the curves of erosion rates 
shown 
in Figures 6.40 - 6.45 at the 'optimum' moisture 
content for 
minimum erosion the following values of 
k2 were obtained. 
For YB = 1840 - 1850 kg/m3 
k2 = 7.6 x 10-5 
For YB = 1940 - 1950 kg/m3 
k2 = S. 4 x 10-5 
the final equations being 
E=7.6 x 10-Syg\ tv 
and 
E=5.4 x 10 -5yA tv 
for 'B = 1840 - 1850 kg/m3 
for YB = 1940 - 1950 kg/m' 
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6.24 Conclusions 
The erosion problem considered in this investigation is that 
of surface erosion, when the top layer of topsoil and grass has first 
been removed, rather than deep internal erosion or deep seated shear. 
For this reason any factors which minimise the surface interparticle 
forces and minimise the stability of the surface layers will 
maxileise the erosive condition. However, difficulty arises in 
predicting surface erosion when an attempt is made to establish those 
parameters of the soil which control the susceptibility to erosion. 
From an engineering standpoint it is obviously desirable to rely upon 
simple and readily determined measurable properties to characterise 
erosion resistance. 
The experimental investigation has shown: - 
(1) Erosion of clay occurs by the removal of individual particles, 
small clusters and, in some more extreme instances, by mass 
erosion. Small stones in the clay material were observed 
to affect the erosion process, especially when they 
protruded from the bed, resulting in undercutting on the 
downstream side of the stone. In addition small stones were 
seen to be whirled around in depressions causing holes to 
be formed. 
(2) Material eroded from the bed was seen to roll, slide, bounce 
and to be removed in suspension. 
(3) The bed was generally observed to erode fairly evenly, and 
to be covered with ripples having a height of approximately 
2 mm, with occasional small stones protruding from the bed. 
(4) The concentration of suspended solids in the eroding fluid 
(for the clay under test and for concentrations of up to 
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1 gm/litre) had no effect on the erosion process 
(5) Models of embankment dams showed the formation of a breach, 
attributable to overtopping follows a set sequence of events: - 
(i) the crest becomes rounded 
(ii) 'steps' are eroded at regular intervals down the 
downstream face. 
(iii)the uppermost step becomes most prominent and cuts 
back through the crest towards the upstream face. 
(iv) when the water pressure on the upstream face exceeds 
the tensile strength of the clay the water will break 
through to form a breach. 
(v) If the fill material has any apparent cohesion then 
the sides of the breach will stand almost vertically. 
(vi) If a clay core exists within the embankment then the 
downstream shoulder may be eroded leaving the core 
standing and acting as a cantilever. 
(vii)If filters exist in the downstream shoulder then 
these zones will erode more deeply than the compacted 
fill of the shoulder. 
(viii)If there are any features which result in concentrations 
of flow or increased turbulence then increased erosion 
will result. These features include berms, tussocks, 
etc. 
(6) Swelling occurred as soon as the eroding fluid encounters 
the soil. 
(7) Swelling results in an increase in void ratio. 
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(8) Swelling increases as the moisture content of the soil 
decreases. 
(9) For a particular moisture content and density the amount 
of swelling increases as the percentage of clay in the soil 
increases. 
(10) Flocculated clays swell more than dispersed clays. 
(11) All soil samples tested absorbed water during the test, 
increasing their moisture content. For a particular 
density of fill the increase in moisture content was found 
to be sensibly constant. 
(12) In general, erosion increases as the slope of the 
downstream face becomes steeper. 
(13) Erosion rates decreased to a minimum value as the moisture 
content increased, then increased once again as the moisture 
content exceeded the 'optimum' value in terms of minimum 
erosion. Optimum moisture content for minimum erosion 
for the clay investigated was approximately 21.5 - 22%. 
(14) The minimun amount of material eroded for a particular 
density can be predicted by the following equations. 
For YB = 1840 - 1850 kg/m3 
E=7.6 x 10 
5 Yg 
.at. v. 
For YB = 1940 - 1950 kg/ms 
E=5.4 x 10-5 YB A t. v. 
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CHAPTER SEVEN 
SLOPE PROTECTION 
'. 1 Introduction 
Much of the preceeding experimental work relates to a situation 
where overtopping has occurred and topsoil has been removed exposing the 
compacted clay shoulders of the embankment. 
It has been suggested that vegetation will protect an embankment 
. The present chapter reviews 
( 
against infrequent overtopping 
197) 
conventional methods of slope protection and suggests protection methods 
which might be used to protect an earth embanlcnent against overtopping. 
7.2 Vegetation 
Emergency spillways and also the downstream faces of dams are cases 
where conventional treatment for the stabilisation of surfaces subject to 
erosion by the intermittent flow of flood water are uneconomic. The 
frequency of occurrence of flow can be so low that expensive insitu 
concrete works or alternatives such as asphalt or blockwork cannot be 
justified. 
G. M. Binnie was one of the first to suggest that a grassed spillway 
could be used for emergency spillways, if sufficient reliance could be 
placed on it's engineering properties, although evidence does exist to 
suggest that a well chosen grass cover can withstand a velocity of up to 
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2 m/s for 'prolonged' periods, of say, more than 10 hours; a velocity of 
3-4 m/s for several hours, and velocities of approximately 5 m/s for 
'brief' periods, say less than 2 hours(19e) 
A reasonable appreciation of the erosion resistance and hydraulic 
frictional properties of different types of vegetation was considered 
essential, and attempted by the Construction Industry Research and 
Information Association (C. I. R. I. A. )(197) 
Grass protects earth surfaces by reducing the velocity of flow to a 
value which will not erode the soil. The root growth reinforcing the 
upper soil layers also retards the erosion of the soil, and thus it is 
clear that ground cover is an important factor to be considered(199. 
) 
Vulnerability of bare patches appears to be dependent on their size 
relative, to the height of the grass, which shades them if it is upright 
or mats over them if the velocity is high enough to lay the grass down. 
Failure occurs when scour around the plant roots has weakened the 
anchorage of the plant to a degree that permits the flow to strip the 
cover. Once a point of attack has been established the scour is 
progressive and may therefore be considered time dependent. 
Flow over a vegetated surface can be divided into three basic regimes: - 
1. when the flow dept is significantly less than the height of the 
vegetation, which is not deflected. 
2. when the flow depth is close to or greater than the height of the 
vegetation, which deflects and oscillates. 
3. when the velocity is high enough to lay the vegetation do'. in and 
a relatively smooth, stationary surface is presented to the flow. 
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The criteria taken into consideration in design may include: - 
1. hydraulic loading; velocity, frequency of immersion, 
interval between immersions. 
?. secondary purpose of land - e. g. grazing, hay, parkland. 
3. management that can be provided reliably. 
4. climate 
5. type of soil 
Grass cover for dams must provide good ground cover, and good root 
development, be resistant to disease and drought and be naturally hardy. 
A perennial species is used which has the ability to recover quickly 
after immersion and to establish a good ground cover quickly in the soil 
used in the construction of the dam. 
A low maintenance species is usually chosen for dams due to the 
difficulties in providing regular maintenance, although machinery has 
now been developed which will work on steep slopes. It is debatable 
whether it is preferred to have a well manicured bank on which 
deformations and leakages can be easily seen or to have long grass which 
would deflect under the influence of overtopping waters to protect the 
bank. Sheep and cattle are often put to graze on embankments, the 
former being the most common as less damage is caused and sheep graze 
the sward down closer to the bank but unfortunately sheep form tracks, 
particularly along the crests, where the reduction in grass cover increases 
the vulnerability of the bank to erosion. An additional factor to be 
considered is that for a well mown grass the leaf area is low, and the 
water loss by transpiration from the soil less. No cutting results in 
the grass becoming rank, the bottom structure becoming destroyed and there 
is a tendancy for the grass to form clumps and as will be explained, this 
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may lead to increased erosion. 
Factors which may cause a break in the continuity of the grass cover 
and cause a reduction in the level of protection against hydraulic erosion 
include: - 
1. any feature which causes a concentration of flow at one point, 
e. g. local gullies, low areas, shrubs - should be avoided. 
2. shrubs, tussocky grasses, which can cause bare patches 
susceptible to erosion, due to the concentration of flow around 
them. 
3. slip areas which disrupt the continuity of the slope. 
4. a continuous break in grass cover, usually along the crest 
caused by frequent passage of people or animals. 
S. gateways or fences which lead to a concentration of traffic 
through a small area and total destruction of all grass cover in 
the immediate vicinity. 
6. soil shrinkage between the junction of a rigid structure and a 
grass structure e. g. concrete side wall and a grass surface. 
7. differential settlement between a rigid structure and a 
neighbouring grass surface which can quickly lead to preferential 
erosion of the softer surface. 
If overtopping does occur, then at low flows, when the depth is less 
than the height of the grass then the grass is not deflected and the 
retardance is high. When the flow depth is close or greater than the 
height of the vegetation the retardance drops rapidly with increasing 
flow while with high flows the retardance approaches a constant low 
value. Australian work(197)suggests on slopes described as 'steep', 
velocities are so high that the friction factor approaches a low constant 
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value independent of grass length. 
Grass cover is said to reduce evaporation and prevent the embanlanent 
drying out, however, it is also accepted that grass with deep roots will 
cause a bank to dry out by evapo-transpiration leading to fissures 
forming in the clay. Hence the presence of vegetation may intensify 
shrinkage and fissuring of the surface but a dense cover of grass may 
provide an effective defence against erosion, especially where spray may 
he thrown up above the parapet to be carried along by the wind and its 
own movement, and driven on to the downstream face of the bank. Generally 
grass adapts to the environment and thus if the roots meet a hard 
compacted area they will not attempt penetration, except under unusual 
conditions, or where fissures exist, and so one would expect to find 
'shallow' root growth in 'dry' areas, and 'deep' root growth in 'wet' 
areas the latter eventually causing shrinkage and fissuring. 
.3 Alternatives to seeded grass cover 
7.3.1Protection methods in general 
A method which attempts to protect the downstream face of a dam 
against erosion by overtopping waters must satisfy certain conditions. 
Obviously the most important criteria to be satisfied is that the water 
should not detach soil particles from the face which are then able to be 
transported by the water. In addition any protective system should be 
structurally stable in itself and installed in such a way that the 
embankment remains stable. Obviously, cost is an item to be considered 
as is the method of installation. Any protective measure of this type 
must obviously be permeable in order that pore pressures within the 
embankment may dissipate but still retain fine particles while it must 
also be strong to resist the drag forces from the overtopping water and 
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and to resist impact from floating debris. 
If damage does occur it would be an advantage if damage was located 
to small units which could be replaced. Installation should be simple, 
the materials being safe to handle, robust, and easily jointed on site. 
An impervious lining may be destroyed by overtopping, undermined or 
subject to upward pressure beyond their strength. 
7.32 Turf 
Turf may be used to provide a-rapid method of protection, although 
the turfs are vulnerable at the joints between adjacent turfs. 
7.3.3 Reinforcements 
Reinforcement of grass surfaces may be broadly divided into two 
categories: - 
(i) Surface reinforcements - designed to protect newly seeded areas 
against washout by rainfall and provide support for young plants 
e. g. jute mesh, glass fibre rovings and bitumen. 
(ii) reinforcements; designed to permanently increase the erosion 
resistance of the combined surface above that of grass alone. 
These are normally completely or partially buried e. g. plastic 
mesh prescast concrete grids and in-situ perforated concrete 
slabs, e. g. 'Monoslabs', 'Dymex' blocks and 'Grasscrete'. 
Concrete slabs are very resistant to erosion in the absence of 
grass but are more prone to damage by undermining and of course 
involves a greater expense than grass alone. 
Once erosion of the grass surface occurs, then just as with 
clay, the turbulence caused in the eroded area results in even 
greater erosion. 
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It is clear that grass cover will provide some protection against 
erosion if overtopping occurs, although it is difficult to quantify the 
amount of protection afforded. A compromise must be made between the 
length attained of the grass before some maintenance is provided or 
sheep are put out to grass. 
" 
7.3.4 Graded Filters 
Graded filters are a well-established method of providing water 
permeability with fine particle retention. Traditional filters consist 
of combinations of graded sand and gravel. Their installation is time 
consuming and expensive, particularly if suitable materials are not 
available locally. Graded filters are awkward to lay on steep slopes and 
the use of graded filters usually require strict, expert supervision to ensure 
correct placement and subsequent satisfactory performance. 
The design of any graded filter should be based on the particle size 
of the finest clay particle that can be eroded from the face of the 
surface rather than the Des size. (i. e. the size of sieve through which 
85', of the material will pass. The design criteria often used for 
graded filters are (198). 
(1) D15 <5 d15 Notation 
(2) dis < D15 < 20 d15 D15 - size of sieve through which 
5d 
15ý of the filter will pass. (3) D so <2 so 
d15 - size of sieve through which 
(4) D15 
<4 or 5 lS of the material to be 
d85 
" M ...,. -... a -: 11 .,., -- 
(S) D15 
>4 or S 
d 50 
(6) Gradation curve of the filter should have roughly the same shape 
as the gradation curve of the protected soil. 
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(7) Where the protected soil contains a large percentage of 
gravels, the filter should be designed on the basis of the 
gradation curve of the portion of the material which is finer 
than the 25 mm sieve. 
(8) Filters should not contain more than about 5% of fines passing 
the 75 In (No 200) sieve, and the fines should be cohesionless. 
(9) Thickness: Minimum thickness for horizontal filters: - 
150 mm for sand, 300 mm for gravel 
Vertical or sloping filters difficult to form. 
7.3.5 Maccaferri Gabions 
Maccaferri Gabions have the ability to pass through the rock filling 
without pore pressures being set up within the embankment. They have the 
advantage that if damage does occur it is localised and easily repairable. 
They have the ability to expand and contract and therefore can accommodate 
settlement. The gabions must be filled with graded stone or as an 
alternative 'Terram' may be placed beneath the gabions and as an additional 
safeguard against slipping wooden stakes can be driven through the centre 
of each gabion. 
Approximate costs for placing gabions are: - 
£5/n2 placed in straight lines (1978 prices) 
£10/n2 placed in curved lines. 
7.3.6 RENO Mattresses 
Reno Mattresses 230 mm thick have been placed on a1 in 1.5 slope. 
They are, in fact, 'thin' gabions, supplied in lengths of 6 metres and 
widths of 2 metres, and thicknesses of 170,230 and 290 mm, the 230 mm 
thickness being advised for hard clay. Again a graded filter or 'Terram' 
would have to be used to prevent erosion. 
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7.3.7 Asphaltic Concrete 
This method has been used for the downstream face protection of 
embankments but cannot be used on a fill where significant post 
constructional settlement is likely to occur. It is comparatively 
expensive, as are other forms of protection such as concrete, steel and 
copper. (201,202). 
7.3.8 Concrete Facing 
Many of the available precast concrete products, or cast in situ 
products with grass filled apertures require a compacted sub-base to be 
formed before either precast blocks can be placed or in situ concrete 
can be cast. The minimum depth of sub-base is of the order of 100 mm. 
Some protection systems are shown below: - 
'Mono-slabs' (Manufactured by Mono Ltd. ) May be placed on 
slopes of up to 45°, but every third slab should be staked. 
'Grassblock' (Manufactured by Grasscrete Ltd. ) An interlocking 
pre-cast block system, 434 mm square and 100 mm thick, but 
again requiring a prepared sub-base. 
'Grasscrete' (Manufactured by Grasscrete Ltd. ) An in situ 
cast concrete system formed on a prepared sub-base, which 
results in a self-draining reinforced concrete facing but one 
which remains flexible. Expansion joints must be provided at 
10 metre intervals. Costs are of the order of E13/n2. (1978 price 
7.3.9 Soil Cement 
Soil cement consists of natural soil, cement and water (203) and 
can be especially useful where suitable rock is not available locally or 
long hauls are involved. 
Soil cement has frequently been used for the upstream protection of 
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earth dams but theoretically it may be used to protect the downstream 
slope. Formation usually consists of soil cement placed and compacted 
in narrow horizontal layers"stair stepped" up the slope, the 'step-back' 
on layers is equal to the product of the slope multiplied by the layer 
thickness i. e. 2: 1 and 150 nun layer gives a step-back of 300 mm 
(see Figure 7.1) 
'Step Back' 
Soil Cement Crest 
un thick 
FIGURE 7.1 : Soil Cement Facing (2o4) 
Soil gradation is important, coarse sandy or gravel soils containing 
10-25 percent of material passing 75 dun (No 200) sieve being ideal. If 
the amount of material smaller than the 75 dun (No 200) sieve exceeds 
35 percent then any effort to find a coarser material may be justified 
from a processing cost standpoint. Soils containing more than 50 percent 
finer than the 75 pn (No 200) sieve should not be used without pre-mixing 
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techniques. Pre-mixing ensures a more consistent material and aids 
faster placing. Compaction of layers is usually required to ensure that 
the shear strength of the fill is adequate for stability purposes. The 
cement content of the soils are of the order of 10-12 percent (204.205 206), 
of the compacted volume of the soil cement. 
Curing may be aided by a curing compound, or water trucks with 
spray bars curing being sufficient within 7 days although no waiting 
time is required between layers but recently completed soil-cement layers 
should be protected with earth ramps. 
Soil cement was used in the construction of the Vallon des Bimes 
dam, in France(207) This 9m high dam, 36 m long was constructed by 
8 men in 7 weeks to store water for use during forest fires and is shown 
in Figure 7.2 
Maxinfim 0.99m Steel Strips -T //-- 
LZ 
Precast 
Concrete Blocks 
rn 
Impervious Facing 
Polyester 
Cloth 
impregnated 
with an 
Asphalt 
Emulsion 
FIGURE 7.2_: Vallon Des Biores Dam (207) 
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Flood water is passed over the crest, and to date flows of approximately 
20 m/s have passed over the crest which acts as the spillway. The 
downstream face of the dam is vertical and is protected by 1.5 m square 
precast panels, and as a result a little more than one half of the fill 
required for a conventional dam was used. The cost of the structure was 
comparable with the cost of a conventional earth dam. 
7.4 Suggested Protection Methods 
7.4.1 'Terrain' I. C. I. Fibres) 
Terram filter membranes have been used to replace granular filters 
and the Author suggests that Terrain may satisfy the conditions stated 
in 7.3.1. 
Terrain has high strength and toughness, combined with good permeability 
( 
and filtration characteristics, and is easy to instal 
208ý Terrain is 
available in various grades but the Author considers that only 'Terram 
1000' or 'Terram 2000' would be suitable for the purpose envisaged. 
Some properties of the material are shown in Table 7.1 
Terrain is essentially isotropic. The pore size distribution of the 
material is shown in Figure 7.3. 
Prolonged exposure to UV light leads to gradual loss of strength and 
so the Author envisages that Terram would be buried especially as bacteria 
alkalis and acids have no effect on the material and it is not affected 
within a temperature range of - 40 to + 100° C. 
Terrain has additional advantages over conventional filters in that 
it has inherent tensile strength and can therefore be easily installed. 
It has high tear strength and abraison resistance and is lightweight with 
factory controlled quality and properties which are not easily impaired 
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Polymer Composition 
Terrain 
1000 
+ 
2000 
67% Polypropylene 
33% Polyethylene 
Fabric Weight (g/m2) 140 240 
Fabric Thickness (inn) 0.8 1.1 
Tensile Properties (Wet & Dry) 
Tensile strength under uniform 7500 12500 
applied stress (N/m2) 
'Grab' Tensile strength (N) 800 1400 
'Grab' Extension at break -% 80 90 
'Wing' Tear resistance (N) 250 400 
Permeability to Water (x 10 m/sec) 1.50 0.85 
Specific Gravity 0.92 0.92 
TABLE 7.1 : Some properties of 'Terrain' Fibres 
(For definition o terms see ref. 208) 
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FIGURE 7.3 : `Terrain Pore Size Distribution 
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0.01 0.1 
by careless installation. Geographic location and availability of 
materials are eliminated as economic considerations in the design of 
the filter system, which in the case of reservoirs, can be important. 
Quick visual inspection assures the engineer that the filter is in place 
as designed. It is permanent and has uni-directional strength; being 
versatile and labour saving, and in wet weather machines are able to 
move on material placed on Terrain. It is supplied in rolls 4.5m wide 
and 100m long. An additional property of Terrain is its good frictional 
properties, in fact Terrain has been used to improve the frictional 
stability of an embankment. 
FIGURE 7.4 : Terrain used to improve frictional stability (209) 
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If this idea could be adapted to produce a continuous layer of 
Terrain, parallel to the downstream face, then this would act as a 
retarding layer if erosion due to overtopping reached this level, since 
the Terrain will retain fine particles. This could be achieved quite 
easily, without disrupting the construction programe to a great extent, 
by virtue of the ease of fastening of the material (see Figure 7.4a) 
Joints should be overlapped by 0.3 - 1. Om preferably in the direction of 
flow. Construction equipment should not be allowed to travel directly on 
Terrain, material being back-tipped onto the Terrain and then rolled. On 
600nmi layers of a soil with a C. B. R. of 3% axle loads of 30000 kgs 
(equivalent to heavy motorized scrapers) can be sustained. Joints 
may be glued, stapled, or sewn, the latter being achieved by use of 
portable mains/battery/compressed air sewing machine. 
Costs are of the order of: - Terrain 1000 30 prn2 
Terram 2000 54 p/r2 
7.4.2. 'Paraweb' I. C. I. Linear Composites Limited) 
Interwoven Paraweb is a mat woven from Paraweb which is a flat high 
strength webbing constructed from high tenacity filaments of Terylene 
embedded in a tough durable sheath of black Alkathene. 
The width of the webbing can be varied between 50 and 800n. It 
can also be supplied with a Terrain backing, and this is the form in which 
the Author suggests it be used to provide a surface protection. With a 
'Terrain' backing it is known as a 'duplex' structure consisting of '165kg 
woven Paraweb mat' with a 'Terram 1000' backing. 
Paraweb in this form has several advantages namely :- 
339 
I 
Backtip ideally 
Joint 
STAGE 1 
\\ý 
--------------------- -----ý\ 
Joint 
STAGE 2 
ýýý 
STAGE 3 
Anchor beam 
STAGE 4- Completed Protection 
FIGURE 7.4a : Schematic Diagram showing the construction 
oa continuous downstream protection layer 
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1. A high strength, permeable membrane permitting the free flow 
of water but preventing the erosion effects of flowing water. 
2. Lightweight. 
3. Easy to instal. 
4. Can be cut on site. 
S. Robust. 
6. Safe to handle. 
Some of the properties of the duplex structures are shown in 
Table 7.2 
Paraweb (165 kg) Paraweb (400 kg) 
+ Terrain 1000 + Terrain 2000 
Tensile Strength/metre N/m 1 3135 
Weight 1.466 
S. G. 0.858 
Permeability (m/sec x 10-3) 6.7 
(under const. head of 0.1 m) 
7600 
2.054 
0.875 
6.7 
TABLE 7.2 : Properties of Paraweb + Terrain Duplex Structure 
Obviously, the Terrain in this situation prevents the removal of 
fines while the Paraweb affords some protection from the flood. 
debris. This type duplex structure has been successfully used where 
fast flowing water has transported up to rocks weighing up to 0.25 tonne. 
Again, if not buried the black alkathene (polyethylene) covering the 
high tenacity filaments of Terylene (polyester) suffers W deterioration 
whereas if buried this problem does not arise and Paraweb is resistant 
to chemical attack. 
Paraweb duplex consists of plain Paraweb with bonded peripheral 
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edges and with Terrain bonded to the underside at the peripheral edges. 
The sheets of Paraweb, which are normally 100 metres long and 4.5 metres 
wide, must be securely fastened together, and to prevent loss of fines, 
an overlap between sheets must be provided of at least 20 millimetres 
with an additional one metre wide strip of Terrain beneath the joint. 
The methods of joining mats include: - 
(1) 'Parafii' ; Mats may be joined by lacing the edges of the mats 
with 'Parafil', a 7.1 millimetre diameter rope of a similar 
construction to that of 'Paraweb', this providing the strongest 
joint (Figure 7.5) 
(2) Bolts ; Twelve millimetre diameter holes in the edge of the 
mats allow the mats to be bolted, and/or allowing stiffening 
of the edge of the mat by bolting through metal or wooden 
strips (Figure 7.6) 
(3) Rods and Bars ; Rods and bars may be inserted through the 
weave and then linked with bolts, fishplates or parafil (Figure 7.7 
(4) Nails and Screws ; Nails and screws may be put through the 
edges of the mats into itivoden battens beneath (Figure 7.8) 
(5) Site welding ; Site welding is possible by use of a portable 
heat welding machine. 
(6) Staples ;. When mats have been overlapped they may be stapled 
with portable staple guns using a staggered staple pattern. 
Staples may be put through the mats alone, or through the mats 
into wooden battens (Figure 7.9) 
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Paraf il 
FIGURE 7.5 : Interlacing through Weft & Warp 
steel strip 
stiffener 
11galvanised 
bolt 
FIGURE 7.6 : Bolted Joints with stiffener or eyelets 
FIGURE 7.7 : Rods & Bar jointing 
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FIGURE 7.8 : Nailed Joints 
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FIGURE 7.9 : Stapled Joints 
In the case of an embankment slope the top of the protection 
method must be anchored at the crest of the embankment, and at the base, 
and ideally at points on the downstream slope. The crest anchorage 
usually would consist of a concrete beam set into the crest of the 
embankment (see Figure 7.10 ), and this form of construction, together 
with rip-rap protection may be adopted for the toe beam. Intermediate 
anchorages may be made by 800 millimetre long, 20 millimetre diameter 
steel pins with welded washer heads driven straight into the bank in the 
case of hard clay, - 24 spikes per mat, or by 200 millimetre long pins 
driven into 40 millimetre square wooden pickets 1.5 metres long driven 
into the bank in the case of soft material. 
Approximate costs for placing Duplex Paraweb are: - 
400 kg Paraweb + Terram 1000 
0.89/m2 for up to 10000 m2 ) 
) but discounts available. 
ß. 59/m2 for up to 150000 m2 ) 
Additional Materials 
500 kg Parafil - Cost per 300m coil £38.00 
Staple Gun (pneumatic) £104.00 
Staples - Nickel Silver £13.00 per 1000 
7.5 Indirect Methods of Slope Protection 
Obviously, the alternative to controlled overtopping coupled with 
downstream protection is to provide measures which prevent overtopping. 
Restriction of the top water level will prevent overtopping but may lead 
to operation problems as well as a loss of stored water. A method which 
has been used to provide an emergency spillway capacity and which may be 
used more in the future is the fuse-plug or breachable embankment. 
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FIGURE 7.10 : Crest Anchorage for Protection Methods 
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7.5.1 Fuse-plugs A fuse-plug is an embankment which, in time of flood is 
overtopped and carried away, thus giving the necessary relief, while for 
ordinary floods a spillway of any of the usual types is constructed, the 
philosophy being that this plan permits a considerable saving in spillway 
costs, the interest on which would more than pay for the parts of the 
fuse-plug which require replacement as, at most, it would be washed away 
(210 211 212) 
not more than two or three times a century. 
The spillway passage is controlled by an embankment of selected 
materials which, when an emergency arises, is automatically removed, 
just as a fuse is blown out in an electrical circuit. Upon removal the 
extra spillway capacity is provided to ensure the safety of the dam. 
Topographic conditions may limit the length of a spillway on a dam, 
making a gate controlled spillway the only obvious solution to the 
problem. Gated spillways, especially to cater for large capacities, are 
costly and in this instance it may be economical to provide a fuse-plug 
spillway. 
The provision of a fuse-plug, specially requires a second valley as 
shown in Figure 7.11, . or at least an area in which a wide shallow 
channel can be excavated economically and preferably in material, 
i. e. earth or rock, which can be used in the construction of the 
embanknent. Ideally it should be situated so that the repairs can be 
made without affecting the water level in the reservoir. 
The use of the fuse-plug has been very limited due principally to 
general scepticism about their use, and that very little research has 
been carried out on the subject of their behaviour and design. Fears 
exist about the effects of vegetation binding the material of the fuse- 
plug together and generally about the ageing effects which may alter the 
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erosion characteristics of the fill. Explosives dropped from a bridge 
built over the fuse-plug could remove any resistant fill and give the 
required spillway capacity in times of emergency. 
The fuse-plug should be as low as possible so that, if washed out 
the loss of reservoir storage is a minimu! n. Sectionalisation of the 
fuse-plug, by steel sheet piling, gives a sequential operation from one 
end to another, keeping replacement costs to a minimum, and more 
advantageously, producing a controlled overflow (Figure 7.11a). An 
additional advantage is, that by manipulation of the main spillway gates, 
a virtually constant overflow can be achieved. To prevent unexpected 
breaching due to wave action in the reservoir, a generous freeboard, 
higher than the probable wave is usually provided between the normal full 
reservoir level and the invert of any pilot channel constructed to initiate 
erosion. 
The preferred construction for a fuse-plug is a rockfill structure 
dam with an inclined impervious core. Rockfill is generally used, as it 
is a coarse cohesionless material for which the amounts of erosion 
under different conditions can be easily calculated, and the inclined 
core is preferred, because the dead weight and the water loading would 
aid failure when the downstream material has been removed. 
The foundation of a fuse-plug must be non erodible, e. g. a concrete 
slab, since it is essential that the discharge is controlled during use, 
and it also facilitates the replacement of the plug after washout. 
Tractive theory should be used to ensure that material removed from the 
fuse-plug does not fill or obstruct the spillway channel. 
The fuse-plug is designed as a normal dam or embankment to ensure 
it remains in place under all normal operating conditions until an 
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FIGURE 7 . 11 : 
Ideal Locality for a Fuse-Plug 
FIGURE 7. lla : Longitudinal Cross section showing 
bectionalise Construction for 
Progressive Failure 
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/Sheet piles 
emergency arises. 
In 1959 the Idaho spillway of the Oxbow Project, on the Snake 
River, was used as the site of a large scale test on a fuse-plug. 
Initially the theoretical analysis was completed and a series of 
laboratory model tests used to establish principles such as the washout 
process and evaluate the lateral erosion process, and to find the 
relationship between the rate of washout and size of material, while the 
large scale test of the dam site was used to confirm the design 
assumptions. 
Data obtained from the small and large scale tests indicated that: - 
(1) It is essential to have clean uniform material for the 
downstream slope in order to get rapid breaching. 
(2) The mechanics of washout can be explained by the laws of 
sediment transport. 
(3) The shape of the eroding face depends on the material; 
uniformly graded material without fines produces a slope of 
the eroding face which is gradual and material rolls 
continuously into the flow whereas materials having some 
apparent cohesion or mechanical interlocking have an eroding 
face which will stand almost vertical. 
(4) The washout rate is a function of the grain size, the larger 
the size the slower the rate of washout, although the effect is 
not pronounced. 
(5) The washout rate for a fuse-plug is between 1.05 - 1.20 times 
faster than the corresponding half-scale model. 
(6) The 'hold up' of the clay core is insignificant. 
(7) Increasing the volume of rockfill (by reducing the thickness of 
the clay core) decreases the washout rate slightly. 
350 
(8) A pilot channel 1.0 metres deep and 3 metres wide was sufficient 
to initiate a breach in 37 millimetre concrete aggregate when 
0.3 metres of water passed through it. 
(9) A sloping crest, having a vertical difference of 0.3 metre 
between the right and left abutments, would avoid the 
possibility of general overtopping. 
(10) The fuse-plug should be constructed of clean uniform material 
18 - 37 millimetres (; - 11") aggregate for the first fifteen 
metres to give a rapid removal of material while the remainder 
should be constructed with well graded material from medium 
sand to 75 millimetre gravel. 
(11) The average washout rate for a uniform material was 1.7 metres 
per minute while the rate for a well graded material was only 
0.4 metres per minute. 
(12) The upstream slope of the plug should be protected from wave 
action by a layer of broken stone. 
(13) The downstream slope of the fuse-plug should be protected from 
erosion due to rainfall by quarried rock of up to 150 millimetre 
maximum size. 
(14) The breach will form before lateral erosion takes place. 
Jayasinghe(213) also found that: - 
(15) The time of failure of the clay core can be controlled by 
'weakening' the clay by the addition of quantities of sand. 
(16) The rate of failure of the clay core of the fuse-plug is a log 
function of the percentage of sand in the core material. 
Fuse-plugs have been used at a number of schemes throughout the 
world. A fuse-plug was installed at Bridgeport Dam on the Walker 
River(214)U. S. A. The reservoir capacity was 52000 tcm created by a 
dam 19.4 metres high and 183 metres long. Twenty-two years of flood 
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records showed the greatest flow to be 42 cumecs resulting in the 100 year 
flood being 254.7 cumecs. This value was used for spillway design, and 
it was found to be too expensive to provide one spillway to cater for 
this flow primarily due to topography of the site. As a result a small 
permanent spillway, four siphons, and a fuse-plug were provided. 
In 1953, at Burford Dam 
on 
the Chattahoochee River in Georgia 
it was found to be five million dollars less expensive to raise the 
embankment 12 metres to take advantge of a favourable saddle in the 
abutment than to build a concrete ogee spillway. Fuse-plugs have also 
been used at Kanopolis Dam, Kansas, Blakely Mt., Arkansas, Cherry Creek, 
Colorado, Buffalo Bayon, Texas and many other sites, but it is often 
argued that they have not been in service for a sufficient length of 
time to have proved their worth. 
-. 6 Additional Protective Measures 
Considerable foresight was shown at the site of a reservoir in the 
Glencorse valley, 13 kilometres from Edinburgh(215) During the 
construction of the reservoir in 1821, a flood nearly overtopped and 
trashed away the partly completed embankment. Tarpaulins and other 
sheets were temporarily spread over the soft material of the bank in case 
flood waters overtopped the bank. 
Marsland 
(216) 
devised a buried louvre, as shoi%n in Figure 
formed in asphalt and concrete, which would allow penetration of rainfall 
and the safe passage of floods. Being buried allows the asphalt to be laid 
inexpensively on a steep slope. Peat asphalt laid on the surface, through 
which grass could grow was a refinement since it is more resistant to 
erosion than turf, but porous. 
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FIGURE 12 : Marslands Buried Louvre (216) 
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Reservoir of plastic asphalt 
7.7 Closing a breach 
Unless the flood flow is decreasing then any attempt to close the 
breach may be futile since overtopping will occur at some other point. 
There is no general procedure for closing breaches but it is clear that 
initially an attempt must be made to prevent further enlargement of the 
breach, then reduce the velocity through the breach, seal the breach, 
and then strengthen the closure. 
Much depends on planning, site conditions and access, depth of scour 
holes, velocity of water, and the availability of suitable plant and 
materials. 
If flow has ceased or is slow, then sandbags placed well clear of 
any scour holes for stability, and placed in the same manner as 
brickwork may be sufficient to prevent further erosion. Gabions filled 
with sandbags may be used to fill a breach, but in any attempt to close 
a breach, it must be recognised that such an attempt, if unsuccessful, 
will result in a concentration of flow and increased erosion. 
The most satisfactory method, if a breach has not developed, is to 
quickly increase the height of the embankment. This may be done with 
sandbags or, where mater 1. and plant is available, and a wide crest 
permits access, to place material on the crest. This was the case with 
the Oros Dam(110) where 0.4 metres of uncompacted fill was placed on the 
crest and withstood 0.8 metres of overtopping water before the dam failed. 
7.8 Conclusions 
It is clear that various methods can be used to protect the 
downstream face of an embankment and the choice of any protective measure 
must be based upon economic and physical considerations. The frequency 
of overtopping is such that expensive insitu concrete protections is 
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usually not feasible and for most dams, in this country at least, the 
downstream is grassed. Research has shown grass to be a valuable 
protection against overtopping flows but may not be sufficient protection 
for all flows. Vegetation is useful because it intercepts precipitation 
and breaks the impact of raindrops and thus prevents dispersion of the 
soil particles by rain splash and the formulation of a compacted surface 
layer with a low infiltration rate. Vegetation also interrupts to 
sub-divide overland flow around the plant stems and leaves, and roots 
physically bind the soil within the roof mat, improving soil structure 
and infiltration rates. A compromise has to be made between long grass 
which may protect bare patches and short grass which permits 
deformations and leakages to be seen. Sheep are often used to graze 
embankments but care must be taken-to prevent tracks and bare patches 
being formed. 
Fuse-plugs in certain instances may be a useful and economic 
alternative to expensive spillway facilities and their use should be 
considered where suitable sites and materials exist. 
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CHAPTER EIGHT 
HYDRAULIC CONSIDERATIONS 
8.1 Introduction 
This chapter reviews those aspects of hydraulics and hydrology 
which are most relevant to dam failures, together with related features 
highlighted by the experimental investigation and the historical review 
of incidents and accidents. 
8.2 Hydraulic Considerations 
8.2.1 Peak Flows 
It is often stated in texts that immediately after the 
instantaneous 'removal' of an entire embankment/dam the depth of flow 
will equal four ninths (44%) to one half (50%) of the initial depth of 
water retained in the reservoir before failure. There are clearly no 
types of failure which can conceivably result in the instantaneous 
removal of an embankment dam and to which this rule can therefore be 
applied. 
Schoklitsch's equation for peak discharge relates to the width of 
a dam at the original water surface, (Wd) and the depth of water behind 
the dam before a breach occurs, (Yo), to peak discharge, (Qmax); the 
equation is shown below: 
87 Wd V Yo 3/2 
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Roughness was shown to have little or no effect on the magnitude 
of peak discharge which appears to be a function of breach size and 
shape. As a result the equation was 'modified' to include the 
variables, Wb, width of breach at original water surface and, Di, depth 
of breach. The modified equation is: - 
Qnax = 28 Wd 
Jg D 
3/2 Wd Yo 0.28 
Wb Db 
for any given breach provided that 
1.0 < 
Wd Yo 
< 20 
WVb Db 
While this equation may have some use in certain instances when 
considered in conjunction with the information presented in the following 
section, it is clear that each failure is unique in some respect and that 
peak discharge, and also the shape of the failure flood hydrograph, 
depends on many variables which must include reservoir level, storage 
capacity, size and shape of breach, position and rate of formation of 
breach and inflow to the reservoir. 
8.2.2 Actual Peak Outflows 
An empirical plot of height of dam if overtopped, or depth of 
water at time of failure if not overtopped versus estimated peak 
outflow is shown in Figure 8.3. This graph is reproduced in "Floods 
and Reservoir Safety : An Engineering Guide 
(24 ) 
and "Water Power and 
2 Dam Construction" 24' . Rossington 
ý225-' 
used this graph to estimate 
very approximately the time required to empty several of the reservoirs 
within the Pennine Division of the North West Water Authority, and 
357 
4000000 
1000000 
3 
0 
r4-4 U 
r`L N CIS \ 
Nm 
ýw 
dý 
100000 
20000 
I 
1 191 
It 
/ 
I 
02 0 40 60 80 100 14 01 80 
H= height of dam if overtopped, or depth of 
water at time of failure if not overtopped, in feet. 
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Q=2.297 (H + 1)2.5 
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obtained the times shown in Table 8.3. However, these results were 
obtained using a rectangular hydrograph with constant discharge 
equivalent to the peak discharge as shown in Figure 8.4. It is felt, 
however, that a more realistic, although still idealised, hydrograph 
might be triangular, as shown in Figure 8. S. Calculations on this 
basis are shown alongside Rossingtons in Table 8.3 
Dam 
Height 
(m) 
Approx. Gross 
Cap. of Reservoir 
(m3 x 106) 
Approx. Peak 
Flow from Fig. 8.3 
(m3/sec) 
Time to Empty 
(secs) 
Rossington Hughes 
40 5 13,000 388 776 
38 3 10,500 298 S96 
37 0.6 10,000 61 122 
34 3 8,000 388 776 
33 5 8,000 654 1308 
31 3 6,000 512 1024 
30 0.2 6,000 35 70 
TABLE 8.3 : Estimated Times to Empty Reservoirs 
If the equation for the curve is applied to historical data from 
documented failures, such as at Dale Dyke (1864), the following results 
are obtained: - 
In Imperial Units: - 
Height of embankment 95 ft (28.96) 
Q=2.297 (H + 1)2.5 
= 2.297 (96)2.5 
Q= 207414 cusecs (5878 m3/s) 
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FIGURE 8.5 : 'Triangular' Hydrograph 
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Volume of reservoir 114,292,000 ft3 (3.238 x 106m3) 
.. Time to empty = 1102 sec. (18 minn) 
It is known that the reservoir at Dale Dyke drained over a period 
in excess of three quarters of an hour. 
While it is appreciated that the simplified approach used here 
is not entirely appropriate, the times to empty obtained would seem 
to suggest that the equation for peak discharge obtained from the 
graph in Figure 8.3 cannot be applied to relatively small capacity 
upland earth bank reservoirs, as in the Pennine examples quoted in 
Table 8.3. 
8.3 Breach Dimensions 
Data from some documented incidents and failures have enabled 
information on the dimensions of breaches to be recorded and analysed. 
The information is shown in Figure 8.1 and in Table 8.1. 
The wide spread of results reflects the complexity of the 
problem, and the resulting breach configuration's dependence on such 
factors as reservoir capacity, slope protection, nature of the 
embankment fill etc. 
The only general relationship obtainable from publicised breach 
dimensions is: - 
w< 6d 
and w< 90 
If, however, the width of the resulting breach, (w metres), at crest, 
is plotted against the height of the dam before failure (i. e. depth of 
breach, d), then the results shown in Figure 8.2 and Table 8.2 are obtained. 
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Name of Dam 
Width of Breach IV 
(metres) 
Depth of Breach 
(metres) 
D W 
D 
Baldwin Hills 23 27 0.95 
Brainerd 84 23 3.6 
Breakneck 30 7 14.3 
Coedty 18 11 1.7 
Kaddam 137 41 
13.3 
Kepple Cove 24 16 11.5 
Lurgashall 22 5 4.4 
McMahon 6 17 : 0.4 
South Fork 128 22 5.8 
Confidential 12 4 3.0 
Confidential 3 2 1.5 
TABLE 8.1 : Reported Dimensions of Breaks in Dams which 
have been Overtopped 
3o3 
Name of Dam 
Width of Breach, W 
(metres) 
Height of Dam, H 
(metres) 
W 
IT 
Baldwin Hills 23 47 0.49 
Brainerd 84 23 3.6 
Breakneck 30 7 4.3 
Coedty 18 11 1.7 
Kaddam 137 41 3.3 
kepple Cove 24 16 1.5 
Lurgashall 22 5 4.4 
McMahon 6 17 0.4 
South Fork 128 23 5.8 
Confidential 1 12 3 4.0 
Confidential 2 3 2 1.5 
TABLE 8.2 : Reported Dimensions of Breaks in Dams which 
have been Overtopped 
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Some scatter of points is to be expected due to differences in 
embankment materials and reporting techniques/errors, but from the 
limited information available there appears to be a broadly linear 
relationship between the height of a dam before failure and the width 
of the breach resulting from overtopping. This relationship is 
shown below: - 
W=3.625H 
where W= Width of Breach in metres 
H= Height of Dam in metres 
8.4 Erosion Retarding Layer 
Fread and Harbaugh (217) introduced a conceptual method of 
alleviating downstream damage from a breached earth dam by providing 
a relatively thin erosion retarding layer at an optimun elevation 
within the embankment. The resulting breach would not develop 
continuously, but rather be delayed and thus produce two distinct 
flood waves of reduced amplitude, compared with the single larger wave 
from the corresponding breached dam without retarding layer. 
While Fread and Harbaugh gave no details of practical aspects 
of the construction of such a layer they did formulate expressions 
for the optimal position of the retarding layer with respect to certain 
geometric, hydraulic and dynamic parameters, including the failure rate 
of the dam, i. e. the rate of formation of the V-shaped breach, and the 
ratio of the failure rate of the earthfill dam to the failure rate of 
the retarding layer. The protection layer proposed in Chapter 7 by the 
Author would obviously also serve as such an erosion retarding layer. 
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8.5 Discharge Coefficients for Breaches 
Sandover(218) carried out experiments to find the discharge 
coefficients for a constriction in an open channel caused by end- 
tipping of loose fill. The sides of the constriction were assumed 
to have slopes of 2: 1 and to remain stable. Sandover found that 
the discharge 
Q= CdQrT 
where Qr is rate of flow in the channel, 
Cd is a coefficient of discharge, 
Q is the rate of flow or the upstream Froude number, and 
T is time. 
Cd was seen to depend on: 
1) The Contraction ratio, m 
with m=1-b 
where b is the gap width measured on the centre line of the dam 
at half water depth, 
B is the river or reservoir width. 
2) The geometry of the abutments of the constriction. 
3) The distance from the gap centre line to the river or 
dam centre line and the angle the dam makes with the 
direction of flow and the ratio b where d is the mean 
particle diameter of the tipped material. 
While the results quoted by Sandover are not directly applicable 
to the case of a breached dam it can be seen that as the particle size 
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of the material within the embankment decreases, the value of CD 
decreases and approaches O. S. 
8.6 Erosion Rates for Failure of Earthfill Dams 
In 1965, Cristofano(226,227) developed an equation to compute 
the erosion rate at a breach in a dam. This equation was based on the 
solution of a differential equation resulting from a simple analysis of 
force vectors. The force of water flowing through his idealised breach 
was equated to the shear stress acting on a shear plane normal to the 
plane of the dam, i. e. the base of the breach. 
The breach was assumed to trapezoidal with side slopes 
approaching the angle of repose of the compacted fill material, and 
therefore the broad crested weir formula could be used without any 
refinement in computation due to end contractions. An expression for 
the resistive shear strength was derived by equating shear force to 
the product of the plane area-upon which this force would act and the 
average shear stress. Average shear stresses were equated to the 
developed cohesion plus the product of the intergranular pressure and 
tangent of the developed angle of friction. The length of the shear 
plane is a function of the developed angle of friction of the fill 
material. Substitution led to an expression for rate of change of 
vertical and lateral erosion within the breach with respect to the rate 
of change of water flowing through the breach in the form of a 
differential equation. 
This equation was found to be too cumbersome for manual 
computations and so several simplifying assumptions were introduced: 
(i) the width of the breach was assumed to be constant and 
the breach to remain trapezoidal in shape. 
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(ii) the length of the base of the breach was measured only 
to bedrock and it increased uniformly to the point at 
which bedrock inhibited erosion. 
(iii) material transported by the water due to sloughing of 
the sides was ignored. 
(iv) Slope of the base of the breach or shear plane was 
considered to be constant and equal to the developed 
angle of internal friction of the fill. 
The final expression obtained is shown below 
soil = Ke-x Qwater 
where x= btanO 
H 
where k= constant of proportionality, 
Qsoil = the volume of soil carried away in each time period, 
Qwater = the volume of water carried away in each time period, 
e= the base of the natural logarithm 
0= the developed angle of friction of the soil 
material being considered, 
b= the base length of the bottom of the overflow 
channel (in the direction of flow) at any given 
time, 
H= hydraulic head at any given time. 
The application of Cristofano's equation requires a trial and 
error solution with time increments of a few seconds. 
This equation has been used by the Bureau of Reclamation and the 
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Tennessee Valley Authority to estimate the maximum flood resulting from 
a breached dam, and it may be useful for a'first' estimate of peak 
flow but, in view of the complexity of the erosion process, as shown 
in this experimental programme, it is felt that the results from an 
analysis using this equation should be treated with caution. It must 
be appreciated, however, that assumptions must be made in any analysis 
of this kind in order that the resulting equation may be sufficiently 
manageable. 
8.7 Design and Layout of Earth Emergency Spillways 
The Soil Conservation Service of the U. S. Department of 
Agriculture have published a guide for the design and layout of earth 
emergency spillways for catchments in excess of 25 km2(228). 
The emergency spillway will remain stable during passage of 
a flood if the resistance to erosion equals or is greater than the 'attack'. 
The Soil Conservation Service defined 'attack' as the total 
volume discharged through the spillway during the passage of a flood 
divided by the bottom width of the spillway. 
If Oe = total volume of onflow through spillway (acre-ft) 
b= base width of spillway (ft) 
then attack = Oe 
b 
The 'attack' can obviously be reduced by providing additional 
storage between normal T. W. L. and the crest of the emergency spillway, 
which would also reduce the frequency of operation of the spillway and 
hence reduce maintenance and repair costs, or alternatively by 
increasing the width of the spillway. 
The resistance to erosion is measured by the resistance of the 
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soil to erosion or by the amount of soil that must be eroded to 
produce a breach. Soils were broadly divided into two categories: - 
Easily Graded Soils (E): - Cohesionless soils 
Soils with a PI less than 10 
Recent alluviums, colluvial soils and 
organic soils. 
Soils with a V. R. > 0.7 
Dispersed soils and soils with a high 
shrink/swell potential. 
while Erosion Resistant Soils (R) included: - 
Cohesive soils with a PI between 
10 and 40 and a V. R. < 0.7 
Obviously the design of any spillway must be based on the soil 
in the spillway or beneath the spillway the geometrical parameters 
being as defined in Figure 8.6 
The following empirical formulas were developed to express the 
relationship between resistance and attach: 
If PI = plasticity index in percent 
Bu = longitudinal bulk length 
For Erosion Resistant Soils (R) 
Oe 
` 
[PI+(_3oo)1 Bu 
S 
20 
where the following limits are not exceeded. 
Le 
< 50 acre. ft. per ft. 
b 
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Bu 
Bu =L+ 
2/Su 
+ 
2/Sd 
L= length of level section of spillway in ft. 
Su = slope of upstream part in ft. /ft. 
Sd = slope of downstream part in ft. /ft. 
FIGURE 8.6 : Layout of Earth Emer enc Spillways 
(after 228 
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10 < PI < 40 
Bu > 100 ft. 
for Easily Eroded Soils (E) 
Oe 
<r Bu - 
100 
b 50 
when the following limits are not exceeded: 
For 5< PI < 10 
Oe 
< 20 acre ft. per ft. b 
Bu > 300 ft. 
For PI <5 
Oe < 10 acre ft. per ft. 
b 
Bu > 300 ft 
Layout 
The Soil Conservation Service also makes recommendations for the 
layout of earth emergency spillways which are not reproduced in this 
section. 
In order to obtain a relatively simple expression the number of 
variables affecting erosion were kept to a minimum, in this case the 
only variable defining soil type being the Plasticity Index (PI). 
It has already been stated that soils with 'high' Plasticity 
Indices may reasonably be expected to be eroded less than soils with 
low Plasticity Indices but that a situation can arise whereby two soils 
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with the same Plasticity Index can erode at very different rates 
depending on their structure. It can hence be seen that, once again, 
application of the equations quoted earlier must be circumspect. 
8.8 Conclusions 
Several methods of predicting peak flows from a dam failure 
have been suggested but, as has been shown, application of these 
methods must be cautious, as each failure is unique in some respect 
and the failure hydrograph can be dependent on so many variables. 
Data from documented incidents and accidents suggests that 
there is a fairly well defined relationship between the width of a 
breach and the height of a dam, while it has been shown that 
equations recommended for the design of earth emergency spillways 
should be used with caution. 
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CHAPTER NINE 
CONCLUSIONS AND RECC NENDATIONS 
9.1 Introduction 
The following chapter details the principal conclusions drawn 
from the investigation and the preceding chapters, and also makes 
certain recommendations for further research into the erosion of 
earthfill embankments. 
9.2 Conclusions and Recommendations 
9.2.1 General 
The protection of earthfill dams against overtopping forms one 
of the primary considerations in the planning design and construction 
of these structures. To obviate failure, design has been focussed on 
hydrology and the prediction of the worst floods reasonably to be 
envisaged, coupled with the provision of spillway and/or outlet works 
of sufficient capacity, but this has not always been sufficient to 
prevent failure due primarily to the inaccuracies of the flood 
prediction methods employed during design and as shown by the recent 
failure of Machhu II dam in India, and the failures listed in 
(211 220) 
Appendix A 
Evidence has been presented to suggest that compacted clay fills 
are considerably more resistant to erosion by overtopping than is 
traditionally accepted to be the case. Considered in the context of 
the implications of the N. E. R. C. Flood Studies Report (1975) and 
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related documents, appreciable resistance to erosion under exceptional 
flood conditions could be significant in relation to many embankment 
dams. 
9.2.2 Documentation 
The research carried out to obtain information on failures has shown 
that more complete documentation of construction procedures, engineering 
details and operational history is required. 
Engineering details should include engineering drawings, historical 
details of remedial works, leakages, spillway and bywash capacities and 
where applicable the capacity of any other flood diversion works, 
reservoir volume and details of outlet works and freeboard allowances 
together with the details of the engineering properties of the 
embankment materials. 
Old records are useful and all data of overtopping and/or failures 
do provide some aid in giving an understanding of the physical condition 
of an embankment, but it must be recognised that the deterioration 
of fill materials with time in in general little understood and documented. 
9.2.3 Documentation of Failures 
The failure of any dam should, of course, be fully investigated 
in an attempt to ascertain the reason or reasons for failure as should be 
known instances of overtopping. The results of such an investigation, 
as well as data on the incident, amount of erosion etc., should be 
published in the form of an engineering report available to interested 
parties. This report should ideally contain information on rainfall, 
runoff, breach details, soil parameters etc. etc. 
Very little information is available on such incidents/failures 
as have occurred, and what information is available contains little or 
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no data on soil type. This is, in a sense, hardly surprising since, 
especially for the earliest recorded incidents/failures the influence 
of soil type was not appreciated and also no approach was widely 
available for defining quantitatively the various parameters involved. 
9.3 Safety Implications 
9.3.1 Embankment Behaviour 
The behaviour of the embankment after heavy rainfall, and after 
rapid drawdown should be monitored perhaps by the use of instruments, 
e. g. piezometers etc. 
9.3.2 Communication Network 
The procedures for obtaining specialist assistance, including 
helicopters, radios, teletypes, telephones, pumps, and all emergency 
services in the event of an emergency should be known by the reservoir 
operational staff. 
9.3.3 Interruption of Construction 
If construction work is interrupted on a reservoir site provision 
must be made to safely pass floods which might both damage the works 
and release any temporary storage the partially completed works might 
be retaining. 
As already stated, during the construction of a reservoir in the 
Glencorse Valley which was to cover 17 ha., having a maximum depth of 
17.6 m, a capacity of 1673 t. cm., an embankment with a puddle clay core 
"considerable excitement and alarm was caused by the accumulated waters 
of a flood which nearly overtopped, and was likely to wash away, the 
half constructed embankment"; "but provision was made to prevent this 
by temporarily spreading tarpaulins or other materials over the soft 
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material of the embanlanent(221) illustrating the need to protect 
partially constructed embanlcnents. 
9.3.4 Access 
It must be ensured that proper access is possible, both to the 
dam site and to control valves, and spillway gates even when the 
embanlanent is being overtopped. 
9.3.5 Crest 
9.3.5.1 Crest Widths 
The crest width should be of such width that, in the event 
of an emergency, fill material can be placed easily and quickly on 
the crest. Five metres of loose fill were placed in 3 days on the 
crest of the Oros Dam in Brazil('10A breach did not occur until 
some 0.75 m of water was flowing over this loose fill. 
Sandbags were placed on the crest at Danson Park Lake to 
avert a failure. 
Ideally the crest should be sloped at 1 in 20 down towards 
the reservoir (see Figure 9.1). This assists drainage towards the 
reservoir, increases freeboard slightly and reduces the velocity of 
approach of overtopping waters. 
9.3.6 'Small' Dams 
It is considered that 'small dams, i. e. a capacity of less than 
25000 m3 should be included in safety legislation. It has been shown 
that failures have occurred to 'small' dams and, from personal 
experience during the summer of 1979 (late July, early August) when 
over 40 mm of rain fell in 2 days with higher than average rainfall 
during the rest of the week, several Pennine mill lodges gave serious 
cause for concern. In the North West as in other parts of the industrial 
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from upstream face 
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FIGURE 9.1 : Section through Crest 
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north, there exist large numbers of such mill lodges, some of which 
are one hundred years old and built to supply individual mills, 
are 'small' in terms of storage capacity, but are often built behind 
houses constructed for mill workers. They usually have minimal freeboard 
and often do not have spillways. These lodges can, by virtue of their 
proximity to the local inhabitants, be as hazardous as a large dam. 
9.3.7 Control Equipment 
Control equipment, especially spillway gates, should be chosen 
with care, and "back-up" operating methods always provided and 
maintained fully operational. This fact was emphasised with the 
recent failure of Machhu II dam in Western India where three out of 
18 radial spillway gates failed to operate. The coils in the electric 
motors failed and manual efforts failed to force the gates open. The 
dam was overtopped and failed with very heavy loss of life although 
in this case it may be argued that failure would have occurred whether 
the gates had failed or not since the inflow to Machhu II, some 
(14000 
cumecs, was more than twice the design flow of 6000 cumecs220ý 
9.3.8 Vigilance 
A programme of inspection and maintenance must be provided for all 
reservoirs which might threaten life. It is disturbing to read "of 
sixteen dams brought to the attention of the U. S. Corps of Engineers 
by local citizens as showing signs of trouble, the imediate draining 
of the reservoir was ordered in eight cases"(222). 
9.3.9 Fuse Plugs 
The use of fuse plugs should be encouraged; these fuse plugs can 
be of the 'Oxbow' type, employing an erodible subsidiary embankment, 
or automatic tilting gate type-auxiliary spillways (similar to that used 
by the North West Water Authority at Greenfield Reservoir), and are 
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comparatively easy to install on existing dams. 
9.3.10 Surface features 
The formation of tracks due to sheep or people on the downstream 
shoulder of an embankment should be prevented. All surfaces should be 
ideally accurately and smoothly finished with no discontinuities which 
might cause a concentration of flow in the event of overtopping. 
9.3.10.1 Berm Drains 
Berm Drains on the downstream face of an embankment can 
capture local runoff and also low flows overtopping the embankment 
as well as providing access tracks for grass cutting and general 
maintenance, and increased resistance to erosion by virtue of the 
increased thickness of the downstream shoulder (Figure 9.2) and the 
resulting reduction in velocity although this is offset by increased 
turbulence. 
9.3.11 Waves 
Waves likely to overtop an existing wave wall may be damped 
out by a boom anchored to the upstream face. 
9.3.12 Wavewall 
If a wave wall is being relied on as part of the flood 
protection works at a reservoir, i. e. the wave wall is expected to 
retain part of the 'static' flood, then the wall must be continuous 
and be structurally sound. If a wave wall collapses, especially 
if only part of the wall fails, then flow will be concentrated in one 
particular area leading to accelerated local erosion under high head. 
9.3.13 Rip-rap Protection to the Downstream Face 
Tests carried out in 1975(186) suggest that stone laid on the 
downstream face of a dam will move down the face and build up at the 
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FIGURE 9.2 : Berm Drains 
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0.7 mm min 2, m min 
toe decreasing the amount of erosion at the toe but allowing erosion 
of the upper section. Grouted rip-rap will clearly afford greater 
protection to the downstream face. 
Rip-rap on the upstream face would obviously afford greater 
protection to the upstream face and, in the tests of reference was 
seen to reduce 'lateral' erosion, as discussed in Chapter 6. Rip- 
rap was seen to be removed by water which flowed its way between 
the stones eroding the underlying fill leading to the removal of 
individual or small groups of stones into the flow. 
9.3.14 Erosion of the Different Zones within a Dam 
The different zones within a dam, i. e. core, filters, 
shoulders etc., will erode at different rates as shown in Plate 3.2 
The core material is probably the most resistant to erosion but the 
thickness of the core will depend on economic factors as well as 
construction method, type of material, the design of filter layers 
and tolerable seepage loss. 
9.3.15 Warning Systems 
Care must be taken in the design and supervision of a flood 
warning system. The recent failure of Machhu II in Ihdia showed that 
a warning system can often be ineffective. As the water levels at 
Machhu rose efforts were made to alert those living downstream of the 
dam with loudspeakers. Few could be informed in time, and many who 
were informed ignored the warning. 
9.3.16 Industrial Lagoons 
Lagoons which store industrial wastes should, it is considered, 
be subject to safety legislation. This is justifiable on grounds of 
location and by reference also to the failures cited in Chapter 3. 
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9.3.17 Maintenance/Sabotage/Vandalism 
Adequate maintenance must be provided at all times to such 
items as gates, valves etc. and attempts made to prevent sabotage and 
vandalism. Maintenance should include restoration of freeboard due 
to settlement, measures to prevent landslides within the reservoir 
basin, and measures to prevent icing of gates, etc. 
9.3.18 Grass 
More research is required in relation to choice of the type 
of grass best suited for embankment slopes, and also into the type 
of management that should be provided, i. e. whether the grass should 
be kept short or allowed to become long. Grass can cause heavy water 
losses in the top layer due to plant transpiration, leading to a 
reduction in moisture content and thus to the possibility of fissuring, 
both of which would tend to result in higher rates of erosion. In 
addition, the moisture content of unprotected surface layers of fill, 
when subject to heavy run-off, may increase by as much as 5 percent 
with an associated reduction in shear strength. 
Long grass under overtopping conditions can bend and protect 
the surface, but it may also result in greater moisture loss and a less 
healthy sward than short grass. Long grass also makes visual inspection 
of the face of a dam for seepage and settlement etc., more difficult. 
Irrespective of length of grass it is obviously important to 
'key' the grass layer to any topsoil layer and thence into the shoulder 
of the embankment. Artificial reinforcing materials such as plastic 
netting pegged to the face have been used, and hydroseeded grass 
protected by sprayed fibreglass strands and cold bitumen have also 
been used in isolated instances(223) 
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9.4 Erosion of Clay 
9.4.1 General 
In the eighteenth and nineteenth centuries, when the 
foundations of modern mathematics and mechanics were established, and 
significant developments in other areas of civil engineering took 
place, little progress occurred in earth dam construction or in the 
proper understanding of the behavious of such dams. With the advent 
of the twentieth century, important developments took place. In the 
period 1910 - 1940 they included: - 
(1) Recognition of the principle of soil compaction. 
(2) Manufacture of larger mechanical and more efficient earth 
moving and compacting equipment. 
(3) An understanding of the principles relating to shear 
strength and compaction of soils. 
(4) The development of analytical tools for estimating shear 
forces, slope and foundation stability, and for 
predicting requirements as t: spillway capacity. 
Since that period research has proved to be the key to a better 
understanding of the way in which materials and structures behave. 
9.4.2 Material Research 
The differences between cohesive and non-cohesive soils from 
an erosion standpoint are: - 
(1) Resisting forces are predominantly electrochemical in 
nature in cohesive soils. 
(2) Electrochemical forces are not necessarily constant and 
may vary with salinity, soil disturbance etc. 
The experimental investigation has shown that: - 
(1) Some clay structures are composed of small clusters 
called flocs the size of which depend on such factors 
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as salinity, turbidity etc. rather than on individual 
particles. 
(2) The bed material tested was, in most cases, eroded through 
by individual particles or flocs, although in some tests 
a degree of 'mass' erosion also took place. 
(3) Eroded material was observed to include material in 
suspension, material which rolled, slid and/or bounced. 
(4) In general bonds between clay particles within a soil 
cannot be expected to be uniform in strength. They will 
vary in magnitude from values close to zero, to some 
value x, with an average x and it is clear that the 
minimum rather than the average value of interparticle 
cohesive bond will govern erosion. 
(5) Under test the bed material was eroded fairly evenly, 
the surface being covered with a regular pattern of 
ripples. 
(6) If small stones existed within the bed material 'pock' 
marks were formed on the downstream side of these stones. 
Stones were also seen to be whirled around in 'pockets' 
gradually eroding a deeper hole. 
(7) The concentration of suspended solids (for concentrations 
up to 1 gm/litre) had no significant effect on the rate 
of erosion. 
(8) Temperature was an independent variable during this 
investigation but it is known that temperature is inversely 
linked to the capacity of a stream to carry suspended sediment 
(9) For the clay used in these tests at a particular moisture 
content and density, initiation of erosion occurred when 
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the velocity of flow reached a value of approximately 
1.75 m/sec. 
(10) The first facet in the erosion process may be attributed 
to swelling. Swelling is a surface phenomenon which 
occurs as soon as the eroding fluid encounters the sample. 
The amount of swelling is affected by the moisture content 
of the sample, the percentage of clay in the sample and lesser 
factors. In general swelling occurs as the soil tends to 
achieve a state of equilibrium within the soil water system, 
and that in doing so, a reduction in the interparticle 
bonding occurs. Hence it can be concluded that, for the 
soils tested : 
(i) swelling results in an increase in void ratio 
and a reduction in interparticle bonding 
(ii) a soil with a 'low' moisture content swells more than 
a soil with a 'high' moisture content 
(iii) flocculated soils swell more than dispersed soils 
since a soil compacted dry of optimum absorbs 
more water and swells more than a soil of the 
same density compacted wet of optimum 
(iv) an increase in the percentage of clay in a soil 
sample will result in an increase in the soil's 
susceptibility to swelling and in general the 
greater the amount of clay in a sample the greater 
the overall effect of surface behaviour becomes. 
(11) Erosion rates are moisture content and density dependent. 
(12) For the soils tested, an increase in moisture content 
occurs as the eroding fluid passes across the sample. This 
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increase, for a particular bulk density, is sensibly 
constant. 
(13) The chemistry of the eroding fluid was kept an independent 
variable, but it is thought that the chemistry of the 
eroding fluid could have a considerable effect on the 
erosion rate of a soil. 
(14) The manner in which an embankment is breached by 
overtopping was found to follow a set sequence of events. 
(i) a rounding of the crest occurs as the overtopping 
water passes across the crest and flows down the 
face of the dam. 
(ii) step features as described in Chapter Six, are 
formed on the downstream face 
(iii) the uppermost step recedes through the body of the 
dam until the pressure of water on the upstream 
face causes failure of the remaining material and 
the formation of a definite breach through the dam. 
(iv) if the compacted fill from which the embankment is 
composed has some apparent cohesion, then the sides 
of the breach will remain close to the vertical as the 
breach deepens and widens. 
(v) if a clay core exists within the dam then the 
downstream shoulder may be eroded more quickly than 
that core, leaving the core acting as a cantilever 
(vi) any discontinuity on the face of the embankment 
(including berms) will cause increased turbulence and 
erosion. 
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(vii) Filter zones within the downstream shoulder will 
erode more quickly than the compacted fill. 
9.5 Recommendations for Further Research 
Although a considerable amount of information now exists on 
the process and problem of erosion there are certain areas which 
would particularly benefit from further investigation. Information 
gathered in research of this type can be used as a guide but no 
investigations can comprehensively explore all the complex problems 
associated with the erosion process. Tests are also very time 
consuming. Research conclusions must, if they are to be of value, 
refrain from the use of the obscure adjectives such as, 'reasonable' 
and 'sufficient' which have been used in the past to express the time 
to which a clay can be subjected to overtopping. They must also avoid 
arbitrarily defining erosion by some purely visual parameter which 
makes comparison with the work of other researchers extremely difficult 
or invalid. 
Recommendations for further work are listed below: - 
(i) The investigation should be extended to a carefully 
selected series of clays with different properties. 
Particular attention should be paid to clays with shear 
strengths and densities higher than the ones used in 
this study. Consideration should also be given to lower 
grade materials such as those used in industrial lagoons. 
(ii) An investigation to study the effect of the chemistry 
of the eroding waters should be carried out. The chemistry 
of water may be especially important when it is appreciated 
that the characteristics of water even from adjoining 
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catchments can be very different. Waters flowing 
through peat will, for example, prove very different 
to water flowing through limestone. Industrial wastes, 
as often retained in lagoons, should also be included 
in this study. 
(iii) The effect of environmental and micro-climatic changes 
on clay should be studied in some detail. The surface 
layers of the downstream shoulder of an embankment dam 
can, for example, be subjected to repeated cycles of 
freezing and thawing and/or wetting and drying. Cyclic 
variations may affect the erosion process perhaps by 
causing cracking or a change in chemical composition 
etc. base exchange which might 
fundamentally affect the character, structure and 
physical properties of the surface layers. 
(iv) The effects of both intensity and frequency of the 
turbulence, and local changes in turbulence, on the 
process of erosion and the rate of erosion should be 
studied. 
(v) The tests used to determine initiation of erosion in 
Section 6.7 should be repeated to see whether the 
velocity at which erosion commences is affected by 
moisture content and density. 
(vi) Trials should be conducted to investigate the type of 
grass best suited to embankments, and the type of 
vegetation management which should be provided should 
also be studied. 
(vii) A full scale test on, for example, an old embankment 
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would be of great value and enable the erosion process 
to be verified at the prototype scale. 
Such an opportunity to carry out a full scale test occurred 
in 1974: - 
Winscar dam, a rockfill structure being constructed for the 
Yorkshire Water Authority, lay immediately downstream of the old 
earthfill Dunford Bridge dam, an embankment dating from 1858. The 
Dunford Bridge embankment was known to have slipped during construction, 
and as a result the embankment was completed to an irregular plan. 
In addition, it is known that the embankment was built on made ground, 
and although appearing to average some 6 or 7m high it is thought 
that the embankment could have had a maximum structure height of up 
to some 23 m with a length of some 210 m. 
The reservoir capacity was calculated as being in the region 
of 520 t. c. m. 
Comprehensive plans for a controlled breaching equipment 
on Dunford Bridge were prepared and put forward by the Department of 
Civil Engineering, University of Newcastle upon Tyne, following 
consultation with the Panel Engineer responsible for Winscar Dam Emder 
the Reservoirs (Safety Provisions) Act (1930). The plan provided for 
Danford Bridge to breach and discharge into a 'cushion' of water 
retained by the almost completed and much higher Winscar embanknent. 
Approval in principle was given by the Yorkshire Water 
Authority, but the urgency with which Winscar was required and the 
fear of a period of excessive discolouration and turbidity due to the 
breaching process of Dunford Bridge led to the project being abandoned. 
Details of the proposed test including details of flow rates 
likely to have been obtained are given in Appendix G. 
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(viii) Tests to study the effect of permeability and 
infiltration rates should be conducted. This 
investigation has shown erosion to be dependent 
on moisture content and hence change, and rate of 
change, in moisture content will affect the change 
and rate of change in erosion rate. 
(ix) The rate of formation of the uppermost 'step' should 
be studied in detail in order that the rate of erosion 
of both the vertical face and the flat, together with 
the rate of recession of the face, can be determined. 
(x) Having established the information in (ix) work should 
be carried out on the development of a mathematical 
model to demonstrate, perhaps on a visual display basis, 
the progressive formation of a major breach. 
The hydraulic parameters required for the model can 
be obtained from the N. E. R. C. Flood Studies Report - 
namely inflow, duration, lag, outflow, etc. enabling 
an estimate of the volue of water likely to overtop the 
embankment and the height to which the static flood 
would rise above the crest to be obtained. 
Having established these parameters the width of the 
breach likely to form for a particular dam could be 
calculated from the equation quoted in Chapter Eight. 
Once the width and geometry of the breach has been 
determined, and having assumed a nominal initial depth 
of breach, or low area on the crest of the order of, 
say, 0.3 in, an initial estimate of the velocity of flow 
through the notch can be made. The information gathered 
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from the investigation suggested in (rc) would enable 
the movement of the uppermost 'step' and the formation 
of the other 'steps' on the face to be modelled. 
Knowledge of the tensile strength of the embankment 
fill would then allow prediction of the point when 
water pressure against the upstream face would cause 
collapse of the remaining material and create a clear 
channel through the embankment. 
From this point a recalculation of discharge through 
the channel and the velocity of flow would prove 
necessary. An increase of pressure head would 
obviously result, unless the reservoir storage was very 
small, and hence an increase in velocity of flow is very 
likely. Knowledge of the soil parameters of the 
compacted fill would then enable the subsequent erosion 
rate to be established to evaluate and model the rate at 
which the channel cuts down through the embankment. 
Allowances would have to be made in any computer program 
to allow for progressive change in the length and 
geometry of the base of the channel as the deep breach 
forms through the embankment, and also for consequential 
change in reservoir level and hence in velocity and 
erosion rate. 
Development and refinement of the basic program would 
permit allowance being made for the influence of such 
features as berms, filter zones and puddle clay cores. 
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(xi) In general, erosion increased as the slope of the downstream 
face became steeper. 
The minimum amount of material eroded for a particular 
density can be predicted by the following equations. 
For YB = 1840 - 1850 kg/m3 
E=7.6 x 10-5 YB A. t. v. 
For YB = 1940 - 1950 kg/m3 
E=5.4 x 10-5 YB A. t. v. 
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SECTION III 
APPENDIX A 
KNUVN INSTANCES OF DAMS HIO-1 HAVE 
BEEN OVERTOPPED 
The following computer file listing gives basic information 
on incidents/accidents/failures assembled by the Author. 
Notes 
(1) Use computer print-out pages to check whether the dam has an 
alternative name. If so consult all relevant entries. 
(2) Entries are in alphabetical order. 
(3) All dimensions to the nearest metre. 
(4) Use of these print-outs should be supplemented by information 
on individual data sheets and files held by the Author. 
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APPENDIX C 
CALIBRATION CURVES 
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FIGURE Cl: Orifice Plate/Turbine Flowmeter Calibration 
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APPENDIX D 
NUrATION AND ABBREVIATIONS 
F-7. 
Appendix D 
Notations/Abbreviations 
The following symbols are used in this thesis that may not 
_A 
be defined elsewhere: - 
b width 
c cohesion 
cc cubic centimetres 
°C degrees Celcius 
d depth 
D diameter 
f function 
ft feet 
ft2 square feet 
ft3 cubic feet 
ft3/sec cubic feet per second (cusecs) 
gm grams 
g gravitational acceleration 
h height of vane 
ha hectare 
hr hours 
Hz hertz 
kg kilogramme 
km kilometre 
kN kilonewton 
kph kilometres per hour 
L unit of length 
LL Liquid Limit 
lb pound 
in metre 
M unit of Mass 
m2 square metres 
m3 cubic metres 
mm millimetres 
n 
m3/sec cubic metres per second (cwnecs) 
m/sec metres per second 
PL Plastic Limit 
PI Plasticity Index 
p. s. f. pounds per square foot 
s shear strength 
sec seconds 
t tonne 
t. cm thousands of cubic metres 
T unit of Time 
v velocity 
y depth of flow 
Ä Rngstrom 
yB bulk density 
p density of water 
11 microns 
APPENDIX E 
COMPUTER FILE DATA 
Appendix E 
Program to put on file data lines with more than 
80 characters - use of *FILEPUNCH 
TO PUT ON CARDS 
$R *FILEPUNCH SPunch = *PUNCH* PAR = FILEPUNCH = file name. 
If numbered lines required : - 
PAR = FILE LINEPUNCH = filename 
TO PUT BACK ON FILE 
$ CREATE Filename 
$ GET filename 
$R *FILEPUNQJ 
FILE = filename RESTORE 
FILE 
$ ENDFILE 
e 
E1 
C*OPPILE v., 
1 REAL 0AC, lJACN, CF, CEr. S, CPN, TCP, F, C . 
2 INTECER C, ' 
3 CINEFSICN ISTPES(3E, 1) 
4 DINctSICN /AREi (3E, 1) 
5 CIYENS ICr/ AREAM(36,11 "r 
6 REAC(5,01C)C 
7 010 FCRNAT(I2) 
13 hRITE(6,011)C 
9 011 FCFNAT( ' CELL FRESSIRE ', I2, 'LES: IN2') 
10 REA:; (5,012)N 
11 012 FCRNAT(12) 
12 wRITz(6, C13)" 
13 013 FCRYAT( ' APPFI:, X NCISTLRE- CCr`TEMT 11129 '11) 1"- . - 
14 REhC(5014)CEr\S 
15 014 'FCRNAT(F7.3) 
1"b ' hRITE(b, 015)CENS 
17 015 FCRYhT( ' APPPCX CENSITY ', F10.3, 'KC: N3') 
i3 NRIT_(6,022) 
ll 022 FCRNAT(//) 
2) TCP=C. 
21 ;, RITE(6, )CS) 
FCRy; T (' LC'C LCAC CCVP STF. cSS CCMP STRESS' 1/, ' LOS 1.8 S Ir+2 hu2' 
Z3 CC 1C0 N=1,3E 
24 REAC(5, C01)ISTPES(n, 1) = 
23 001 FCP'AT (I3) 
loc CCNT Inuf_ 
CC 2CC: ti=1,? E 
'Y J02 FC,; veT(-5. ]) 
20C' CCrT. I\U, C 
' CC 2C) 
REAC(5,:: 13)AKEýM(n, l) 
;3 J03 FC4NAf(,: 7.3) 
3-+ 30C CCNTIUL= 
:3 CC )1: 5 I=1,:: 
CAC=0.3314'*ISTRES(I, 1) 
37 CACr\=1. iý2iI5iafc(Iýtý 
39 C PU=c AD 
"+1 kPIT_(6, JJ4) CiC, CAC N, CF, CFr 
004 FCRM4T(F8.: 14)(, F5.. 3,: x9F7.3, SX, FIC. E) 
IF (CFN. GT. TCF)TCP=CPN 
43 J0: CCNT I'VL. 
`ý w4ITE(b, J2ý) 
43 023 FCFvaT(/) 
-to %RITE(6, C4C) TCP 
47 040 FCRwaT (' 't, x VILLE CF CCNPRES: IVE STP SS' ,F 12 "S, 'N/PP2, ) -: 11 wRITE(b, J2 
49 024 FCRN_T (//) 
5. ) F=(TCa+(2ýC7C. CCE945))/2 
5i C=TCP/2 
54, 
, IT'4(6, C1t) P 33 31t FCAvIT(' P VALLE IS ', F10.6) 
54 NR ITE(6, C17) G 
55 017 FCP T(' C, V4LLE IS ', F10. E) 
STCP 100 
57 ' ENC 
AP'PEMDIX F 
TABULATED RESULTS 
Initiation of Erosion Test 
Mean vel. 
m/sec 
Depth of flow Suspended Solid Conc. 
mm gm/litre x 10-3 
1.42 6.2 15 
1.75 6.4 16 
1.85 7.8 24 
1.95 8.7 34 
2.07 10.8 40 
2.21 12.5 56 
2.27 14.0 94 
2.30 15.3 116 
2.51 15.4 154 
Density of sample : 1942 kg/m3 
m/c of sample : 19.7% 
Clay only. 
F1 
TRIAXIAL TEST 
x0ATA 
CELL PRFSS'JRF 20LRS: IN2 
APPROX MnU STI)RF CONTENT 197' 
APDRnX )Ft4SITY 1150.000KG! M3 
LOAD 
iris 
0.000 
4,668 
6.001 
7.001 
8.002 
9.002 
9.669 
12.002 
13.669 
15.003 
16.337 
17.337 
18.670 
19.337 
20.337 
21.004 
21.671 
23.005 
24.3'8 
25.338 
26.339 
27.339 
28.339 
29.339 
30.006 
31.006 
31.673 
32.006 
33.007 
33.673 
34.340 
34.674 
0.000 
0.000 
0.000 
0.000 
LOAD 
N 
0.000 
20.748 
26.676 
31.1'2 
35.568 
40.014 
42.978 
53.352 
60.762 
66.640 
72.610 
77.064 
82.992 
85.956 
90.402 
93.366 
96.330 
102.259 
108.196 
112.632 
117: 078 
121.524 
125,970 
130.416 
133.380 
137.926 
140.740 
142.272 
146.718 
149.682 
152.646 
154.128 
0.000 
0.000 
0.00') 
0.000 
COMP STRESS 
LRS: IN2 
0.000 
2.637 
3.385 
3.942 
4.498 
5.052 
5.417 
6.690 
7.577 
8.275 
8.961 
9.463 
10.136 
10.441 
10.922 
11.220 
11.515 
12.095 
12.663 
13.048 
13.424 
13.794 
14.106 
14.439 
14.580 
14.907 
15.047 
15.026 
15.295 
15.411 
15.539 
15.486 
0. ON) 
0.000 
0.000 
0.000 
0 
.ý 
Oý[ý. ý 
ý°º ý 35 
COMP STRESS 
N: MM2 
nloonnonon 
0.01816924 
0.02332082 
0.02716156 
0.03098950 
0.03480447 
0.03732601 
0.04609563 
0.05220686 
0.05701560 
0.06174319 
0.06520182 
0.06983626 
0.07193929 
0.07525408 
0.07730633 
0.07933682 
0.08333373 
0.08724749 
0.08989704 
0.09249330 
0.09503639 
0.09718931 
O. 0994ß051 
o. 1n045640 
0.10270720 
0.10366990 
0.10353150 
0.10538110 
0.10618220 
0.1070598n 
0.10669910 
0.00000000 
0.00000000 
0.00000000 
0.00000090 
MAX VALUE OF COMPRESSIVE STRESS 0.107059000N/MM2 
P VALUE IS 0.191430 
Q-t L IJE IS0.053530 
cTna inn ýý ., 
F2 
Erosion Rates 
YB = 1840- 1850 kg/m3 m/c Erosion rate 
gm/m2/min M 
full sample sub sample 
v=2.38 - 2.42 m/s 19.27 497 500 
19.71 471 478 
20.24 438 442 
20.74 418 414 
21.35 389 386 
21.80 384 371 
22.02 360 349 
22.69 382 372 
22.94 400 397 
v=2.51 - 2.74 m/s 18.74 503 515 
19.21 490 494 
19.54 464 469 
20.09 449 4S2 
20.79 424 406 
21.72 387 383 
22.40 393 380 
23.21 442 451 
v=3.0 - 3.15 m/s 19.07 630 616 
19.62 607 599 
20.26 577 557 
20.84 549 541 
21.18 520 515 
22.00 511 494 
22.60 498 488 
22.97 ! 522 517 
F/1 
Erosion Rates (cont) 
YB = 1840 - 1850 kg/m3 m/c 
v=2.4 m/sec 
- v 2.63 m/s 
3.04 m/s 
18.91 
19.37 
19.65 
20.39 
20.92 
21.44 
22.03 
22.76 
18.52 
19.03 
19.74 
20.52 
21.39 
22.00 
22.17 
Erosion rate 
gm/m2/min 
full sample sub sample 
395 400 
366 370 
352 341 
288 283 
275 26S 
254 226 
267 248 
312 308 
425 400 
402 376 
367 360 
325 316 
293 270 
302 297 
329 321 
19.01 498 490 
19.46 464 454 
20.18 440 426 
20.49 380 376 
21.00 367 364 
21.81 353 340 
22.64 423 396 
F/1 
C(kN/m3) 0 (°) m/° (. ) 
Y Ekg/m3) 
1850 
1900 
1950 
3.4 0 21.50 
4.0 0 21.15 
5.2 0 20.40 
6.0 1 19.90 
7.4 0.5 19.30 
10.25 1 18.35 
13.20 0 17.75 
15.10 1 17.35 
16.75 0 17.00 
4.0 0 21.82 
5.3 0.5 21.10 
6.0 1.5 20.72 
7.7 1.0 19.69 
10.0 0 18.87 
10.4 0 18.72 
12.1 0 18.02 
14.0 1 17.80 
17.5 0 17.20 
18.7 1.5 16.95 
4.7 0 22.01 
6.35 0.5 21.11 
7.70 1.0 20.28 
11.92 1.0 18.82 
15.75 0.5 17.80 
19.50 0 17.10 
TABLE F2 : Results of Triaxial Tests on 'Standard' Clay 
F/2 
YD Ekg/m3) 
10.99 1672.16 
13.11 1748.52 
14.07 1760.00 
16.95 1778.97 
17.01 1780.00 
19.42 1704.04 
21.05 1639.96 
TABLE F3 : Compaction Test Results - Standard Clay. 
(2.5 kg raniiner) 
F/3 
m/c ( %) YD (kg/m3) 
5% SAND 9.77 1699.43 
10.77 1725.21 
14.40 1780.66 
17.49 1763.58 
17.42 1749.29 
10% SAND 
15% SAND 
20% SAND 
LU. UL 1bS4. UU 
8.74 1717.48 
10.38 1740.24 
14.04 1779.42 
16.99 1744.34 
19.50 1677.83 
21.46 1619.32 
8.89 1735.17 
10.37 1751.42 
13.66 1781.22 
15.84 1761.48 
17.23 1739.17 
20.73 1620.00 
16.56 1692.17 
9.06 1739.02 
11.49 1775.33 
16.87 1746.74 
19.05 1668.24 
GV. JJ I 1UG4. yG 
TABLE F4 : Compaction Test Results - 'Modified'Clay 
(2.5 kg rarmner) 
F/4 
C (kN/m3) 0 (°) m/c (%) 
5% SAND 3.4 0 21.50 
5.4 1 19.82 
8.2 1.5 18.12 
9.9 1 17.17 
12.7 ý 0 16.66 
14.95 1 16.45 
10% SAND 3. S 0 21.68 
4.1 0 20.21 
5.2 0 18.90 
6.2 1.5 18.32 
9.8 1 17.02 
17.0 0 16.20 
20 SAND 1.4 0 23.52 
2.2 1 21.15 
3.25 1.5 19.72 
3.75 0 19.22 
5.00 2 18.02 
5.50 1 17.55 
TABLE F5 : Triaxial Test Results - 'Modified' Clay 
yB = 1900 kg/m3 
F/5 
SAND I L. L. I P. L. I P. I. 
0 39 18 21 
5 39 17.80 21.2 
10 38 17.50 20.5 
15 37 16.82 20.18 
20 35 16.20 18.80 
25 33 15.56 17.44 
30 31 15.00 16.00 
TABLE F6 : Tabulated Results of L. L., P. L. and P. I. 
for 'Modified' Clay 
F/6 
Area Volume 
(m2) (m3) 
'Large sample 
1 
1.285 x 10-1 
1 
5.14 x 10 
3 
'Sub-sample' 
I 
3.5 x 10-2 
1 
1.4 x 10-3 
Ratio : Large sample 3.67 3.67 
Sub-sample 
TABLE F7 : Sample Data 
F/7 
m/c (40) time (min) swelling (in x 10 
)I 
17.56 5 25 
17 55 
20 64 
25 78 
45 137 
60 172 
85 238 
130 320 
19.19 40 50 
57 100 
65 125 
80 159 
100 206 
120 231 
130 252 
135 260 
840 850 
19.37 30 65 
40 105 
60 120 
75 145 
120 215 
180 282 
240 364 
TABLE F8 : Swelling Test Results - 'Modified Clay' 
(5% Sand) 
F/8 
m/c ($) I time (min) swelling (in x 10 ) 
22.22 
26.02 
7 
120 
125 
140 
155 
180 
210 
240 
275 
300 
390 
35 
50 
-70 
120 
280 
305 
325 
10 
165 
170 
194 
210 
238 
264 
275 
320 
336 
375 
14 
23 
32 
52 
96 
101 
123 
TABLE F8 (cont'd) Swelling Test Results - 'Modified Clay' 
(S 'b Sand) 
F/9 
m/c ($) Time (min) Swelliing (in x 10 ) 
18.45 5 100 
30 260 
60 414 
90 527 
120 592 
150 649 
165 663 
270 772 
20.38 10 41 
20 70 
30 98 
70 208 
105 275 
155 342 
180 366 
330 466 
390 488 
21.19 8 35 
25 72 
75 173 
100 226 
210 365 
300 437 
340 458 
360 462 
TABLE F9 : Swelling Test Results - 'Modified Clay' 
(15% Sand) 
F/10 
m/c M time (min) swelling (in x 10-f 
22.14 5 22 
50 112 
60 135 
80 166 
110 220 
150 262 
180 300 
285 371 
330 400 
22.20 60 71 
90 100 
165 170 
210 300 
240 312 
300 345 
330 358 
360 370 
390 376 
TABLE F9 (cont'd) : Swelling Test Results - 'Modified Clay' 
(15 % Sand) 
F/11 
m/c ($) time (min) swelling (in x 10 
18.48 12 72 
20 110 
30 160 
55 260 
85 368 
19.50 50 25 
90 130 
135 220 
20.35 5 10 
10 16 
20 30 
70 110 
80 123 
90 138 
130 182 
155 215 
180 240 
22.65 20 25 
55 50 
90 69 
150 107 
180 125 
240 150 
TABLE F10 : Swelling Test Results - 'Modified Clay' 
(20% Sand) 
F/12 
m/C ($) time (min) swelling (in x 10 
) 
21.07 40 10 
80 32 
90 40 
100 51 
150 72 
22.80 45 13 
90 26 
105 30 
120 36 
205 55 
320 80 
25.00 60 8 
100 11 
148 11 
TABLE Flo (cont'd) : Swelling Test Results - 'Modified Clay' 
(20% Sand) 
F/13 
APPENDIX G 
DUNFORD BRIDGE 
FULL SCALE TEST. 
UNIVERSITY OF NEWCASTLE UPON TYNE 
DEPARTMENT OF CIVIL ENGINEERING 
NOTES ON POSSIBLE FIELD TRIALS, DUN FORD BRIDGE DAM 
1. Introduction 
The completion of Winscar Dam will lead to the abandonment and subsequent 
flooding of the old Dunford Bridge Dam. As a safeguard against possible 
instability of Dunford Bridge embankment in the event of a future draw- 
down of Winscar reservoir, the old embankment will be permanently breached. 
In the normal course of events, this operation would be carried out at a 
suitable stage of construction, having first decommissioned Dunford Bridge 
reservoir. It is suggested that the combination of circumstances is such 
as to provide a unique opportunity to conduct invaluable field trials. 
2. Motivation 
Dunford Bridge is typical of at least several hundred old embankment dams, 
mainly 19th century, which are still in service in the UK. In a large 
number of cases little or nothing is known of the details of design and 
construction, and the structural competence of many dams of this type and 
vintage is a matter of concern to the Panel Engineer charged with 
statutory inspection under the Reservoirs (Safety Provisions) Act. 
Two questions of particular interest in the case of old clay embankments 
are relevant in the context of the Dunford Bridge/Winscar situation: 
2.1 upstream slope stability in the event of rapid draw-down 
2.2 resistance to overtopping consequent upon inadequate spillway 
capacity and/or local settlement 
It is considered that the planned abandonment of Dunford Bridge affords 
an opportunity to carry out appropriate field trials under controlled 
conditions. 
3. Possible Trials 
Problem 2.1, stabilit 
Useful data could be retrieved from a suitable piezometer array installed 
in Dunford Bridge Dam prior to draw-down for breaching. 
Field data on the effects of rapid draw-down on pore pressures within clay 
embankments would usefully supplement existing knowledge. Considered in 
more detail, however, it is felt that a project to this end would be 
expensive to set up in relation to the value of the information gained. 
The circumstances surrounding Dunford Bridge are also such that experimental 
work restricted solely to measurement of pore pressures would, in our 
opinion, neglect a unique opportunity to conduct other trials. 
Problem 2.2: overtopping 
Some dispute exists as to the risk which overtopping represents to a clay 
embankment, and actual data is extremely limited in extent. The fact that 
Dunford Bridge will require to be breached in any event, combined with its 
location behind a much higher new dam, suggest the possibility of 
2 
conducting a controlled 'overtopping' experiment. It is felt that the 
return on an experiment of this nature would be such that it merits 
the more detailed consideration given in 4. 
4. Overtopping Trial 
4.1 A controlled overtopping trial on a section of the Dunford Bridge 
embankment would provide invaluable data on the following: 
a) susceptibility of clay fill to erosion 
b) influence of height and duration of overtopping on behaviour of clay 
slopes 
c) the mechanics of vertical and lateral washout of clay fill 
d) influence of a central puddle core on washout 
A study of the influence of the very rapid draw-down associated with 
breaching on the stability of the upstream slope of the remainder of the 
dam could also be carried out in association with the breaching trial. 
4.2 Considered in the particular context of Dunford Bridge/Winscar, the 
general procedure for conducting an 'overtopping' trial might be as set 
out in 4.3. Assumptions made at this stage are that the Dunford Bridge 
Dam is of homogeneous clay construction or contains a puddle-clay core, 
and that side slopes are 1 in 2. With regard to Winscar, it is appreciated 
that no risk of damage to the upstream membrane or to the draw-off 
arrangements is acceptable. To these ends the sudden increase of load 
against Winscar following breaching of the embankment must be minimised, 
and the washout flow directed away from the draw-off gallery. 
4.3 The essential procedure for an overtopping trial would be: 
4.3.1 Prepare a section of the crest of Dunford Bridge Dam for overtopping. 
4.3.2 Having selected a suitable level for Winscar reservoir to act as a 
'cushion' (see 5. ), allow filling to that level while Dunford Bridge fills 
to spill level. 
4.3.3 Initiate overtopping on Dunford Bridge by removal of sandbag barrier 
by mobile crane. 
4.3.4 Failure pattern of Dunford Bridge to be followed by time-lapse and/or 
intermittent cine photography. 
4.3.5 Examination of failure zone and of upstream slope of that portion of 
Dunford Bridge left standing. 
5. Location of Overtopping and Breach 
Two possible locations for the initiation of overtopping are indicated on 
the attached 1/2500 plan. Examination of provisional capacity curves 
indicates that appropriate starting and final water levels could be selected 
from the following alternatives: 
3 
Water levels at start 
Approx. final 
Dunford Bridge Winscar water level* Outflow 
a) 327 315 322 325000 
b) 327 318 323 265000 
c) 327 320 324 230000 
d) 327 322 325 190000 
*assumes complete breaching to this level or below 
Rise on Winscar 
(m) 
7 
5 
4 
3 
Alternative d) provides, in our opinion, the most suitable combination of 
levels for the experiment. 
With regard to duration of test, no meaningful estimate is really possible, 
but approximate initial discharge characteristics for overtopping through 
a3m wide breach are as follows: 
Reservoir level Breach level H(m) Q(m3/sec) 
327 326.8 0.2 0.7 
327 326.6 0.4* 2.1 
327 326.5 0.5 3.0 
327 326.4 0.6 3.8 
*min. figure likely to erode intact clay 
6. Technical Problems 
6.1 Haul Road 
The presence of the haulage road running along the berm below the old dam 
causes us some concern in the event of its still being present upon 
breaching. We are of the opinion that the haulage road material will very 
readily wash down into the sump behind Winscar and, as the distance is 
only some 60 m, and would inevitably wash into the Winscar scour gallery 
entrance. A further possible hazard is the possibility of general instability 
of the haulage road, particularly at its N. end above the Dunford Bridge 
scour tunnel, when the water level behind Winscar rises. 
6.2 Breach Material 
it is a reasonable assumption that the clay fill washed out from a breach 
forming in Dunford Bridge Dam will, to a large extent, break down into 
fines and be left in suspension behind Winscar. Coarser material from this 
source, and from the haul road, will carry to the scour gallery as 
referred to in 1. Fine material, from both souirces, presents another 
problem in that it is likely to remain in suspension for a considerable 
period and may thus prove an embarrassment as regards putting Winscar on 
public supply. An accurate estimate of settling time, or of concentration, 
is not possible at this stage, but the time required to completely settle 
out may possibly be of the order of 6 to 12 weeks. 
6.3 Relative Water Levels 
The question of optimum timing with regard to the relative water levels 
behind Dunford Bridge and Winscar dams at the commencement of breaching 
4 
is a complex one. Various factors are involved, but purely from the 
standpoint of a breaching experiment we consider that an initial 
differential head across the Dunford Bridge embankment should be not 
less than 5 m, and preferably of the order of 7m or more. This is 
particularly relevant to the initial level behind Dunford Bridge, 
placing a lower limit of about 326 on the latter reservoir if complete 
breaching to, say, 322 is likely to be assured. 
6.4 Timing 
The timing of any work on Dunford Bridge is dependent upon the Water 
Authority's requirements as to maintaining continuity of supply from 
Dunford Bridge and, latterly, Winscar. Provisional 'target' date for 
a breaching operation has been determined as 29 January 1975. If the 
project is to go ahead, an early indication of the availability of 
support is essential in order to allow for adequate planning. 
7. Responsibility 
The Consultant and the Water Authority will, if approval is given, be 
prepared to accept all legal responsibility arising from the project 
provided that the work is carried out strictly in accordance with an 
agreed programme. 
8. Estimated Cost 
Support required divides into a) assistance on site and b) financial 
backing for the University contribution. 
As regards a), it is appreciated that large-scale technical support will 
not be available, but a certain amount of assistance by Contractors staff 
on the following aspects of the projects would be necessary. The major 
item here would be excavation and preparation of the 3 
'notch' used to 
initiate breaching, involving removal of up to 150 m of fill if the 
'notch' is carried down to level 325. 
With reference to b), the University would require to make available 
all necessary assistance for setting out target markers, still and 
time-lapse photography, cine photography and control of operations. The 
logistic effort required would be considerable. A detailed estimate is 
not possible at this stage, but a provisional figure of some £1200-£1500 
appears realistic. An absolute ceiling of, say, £2000 would provide a 
sufficient margin for any untoward circumstances arising. 
AIB Moffat 
November 1974 
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